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ABSTRACT
Microplastic pollution is now everywhere, from the highest elevation of Mount
Everest to the deepest dives of the Mariana Trench. The use of synthetic polymers
has contributed to the transformation of our modern world. Nonetheless, the
growing presence of plastics in the natural environment constitutes a sense of
urgency to develop sustainable solutions to address the global plastic pollution
crisis. Approximately 80% of all the plastics ever produced have been discarded.
Our relationship with plastic needs rethinking.
Achieving a circular economy requires a holistic approach to redesign the systems that make, use and reuse plastics. Evaluating the life cycle of plastic products
is key to effective advancements in the collection, separation and sorting systems
of mixed plastic waste streams. This thesis critically reviews bulk recycling methods used in industry. Recycling provides significant opportunities for recovering
material resources through mechanical and/or chemical processes, which in return reduces petrochemical usage, greenhouse gas emissions, and the quantity of
waste requiring disposal. Yet, recovering the resource value of mixed plastic waste
streams presents critical challenges in materials identification and recycling process
design.
Bulk recycling models consider the selection of the best sequence for isolating
target materials from a mixed material stream. This thesis models the separation
of single and multiple target materials using density separation techniques to minimize the total processing volume and cost. Furthermore, a selection algorithm is
implemented to calculate the processing costs of each pass, determine the minimum
cost of separation, and present the optimal separation sequence.
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CHAPTER 1
Plastics
1.1

Introduction
Plastic waste management is a growing global concern because of the steady

increase in the use of plastics over the last century and a half. In 1950, the world
produced 2 million tons (Mt) of plastic. Fast forward to 2015, the world produced
381 Mt of plastic. The cumulative global plastics production was approximately 8.3
billion tons from 1950 to 2015 [1]. At this time, the annual plastic production has
expanded 230-fold since 1950 [2]. Figure 1 shows the exponential increase of global
plastics production from 1950 to 2015 [3]. This overview chapter provides the
history of plastic production, describes various classification methods, examines the
plastics life cycle, outlines socioeconomic and environmental impacts, and models
the plastic economy.

Figure 1: Global Plastics Production
Source: Figure from [3], Data Published by [1]

1

1.1.1

Definition

“Plastics” refers to a group of polymers, either synthetic or naturally occurring, that may be easily shaped (or molded) into various forms. The word polymer is derived from the Greek words “polys” which means “many” and “meros”
which means “part”. Polymers are formed by chains of repeating units known as
monomers [4], which translates to “one part”. Monomers are chemically bonded
into chains through a process called polymerization.
Plastics have a high strength-to-weight ratio [2], which allows them to withstand various stresses while weighing significantly less than traditional materials,
such as metal and glass. Plastics are durable, shock-absorbent, resistant to corrosion, and easy to shape [5]. The versatility of plastics makes these materials
ideal for a wide range of applications which have contributed to the well-being of
humanity [6].
1.1.2

The Increased Use of Plastics

Natural polymers, or biopolymers, are produced by living organisms and are
abundant in nature. Humans and animals produce essential biopolymers such as
DNA, proteins, sugars, starches and carbohydrates. Plant species produce cellulose, cotton, silk, wool, and natural rubber. In 1869, natural polymers were
extracted and modified for commercial use by American inventor, John Wesley
Hyatt [4]. The ivory shortage in 1863 led a New York billiard-ball manufacturer
to offer a ten thousand dollar prize to anyone who developed a suitable substitute.
Hyatt was inspired to find a replacement material for natural ivory, which is obtained through the slaughter of wild elephants. Hyatt patented “Celluloid”, which
marked the first commercially viable way to produce solid, stable nitrocellulose.
In 1907, Belgian-American chemist, Leo Hendrik Baekeland, invented the first
fully-synthetic plastic named Bakelite [5, 3]. Bakelite was made by a condensa-
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tion reaction of phenol with formaldehyde (under pressure at high temperatures).
Advertised as “the material of a thousand uses”, Bakelite marked the start of
the modern plastics industry. The commercial success of Bakelite inspired future
investments in research and development of synthetic plastics.
Plastic production began to exponentially grow in the 1950s after the United
States government subsidized the plastic industry to improve military applications
during World War II. The scarcity of natural sources such as rubber, aluminum
and brass led to plastic production using ethylene, coal, natural gas and petroleum,
which were locally available [7]. The end of World War II marked the shift of plastic
production from military applications to commercial applications. Plastic manufacturers shifted production efforts to entice US consumers with a wide variety of
applications [4].
1.2

Classification of Plastics
This section will describe classification methods for types of plastics. The

purpose of classifying plastics is to categorize polymers based on their physical
and chemical properties. For consumers, identifying different types of plastic is
useful for the proper recycling or disposal of different types of plastics.
1.2.1

Commodity Plastics

Commodity plastics are plastics that are produced in high volumes and
used in a wide range of applications. Seven commodity plastics are extensively
used in the modern world, although there are hundreds of thousands of diverse
plastic formulations (i.e., engineered plastics with unique material properties).
ASTM International, formerly known as American Society for Testing and
Materials, is responsible for administering the resin identification codes for the
seven commodity plastics, shown in Figure 2. The main polymer types and their

3

Figure 2: ASTM International Resin Identification Coding System
abbreviations are as follows: (1) polyethylene terephthalate (PET or PETE), (2)
high-density polyethylene (HDPE), (3) polyvinyl chloride (PVC), (4) low density
polyethylene (LDPE), (5) polypropylene (PP), (6) polystyrene (PS), and (7)
other plastics (OTHER). As mentioned, global plastic production is not limited
to the seven commodity plastics. Polyurethanes (PU, PUR, or PUT) and a class
of polymers called polyester, polyamide and acrylic fibres (PP&A fibres) are
commonly used in industry. Figure 3 shows the global primary plastic production
by polymer type in 2015, with units in Mt [3, 1]. This figure included the quantity
of additives produced in 2015, which are materials added to a base polymer to
improve the performance properties.

Figure 3: Primary Plastic Production by Polymer Type in 2015
Source: Figure from [3], Data Published by [1]
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1.2.2

Shape and Size Classes

Plastics can take hundreds of years to decompose. With that being said, one
might ask, “where have all of the plastic products gone? ” Plastic will only continue
to slowly break down into smaller plastic particles, which are generally referred to
as microplastics. In scientific research, microplastics are critically reviewed using
sampling, identification and characterization procedures [8]. Scientists categorize
plastic into five different size classes to quantify and research the impacts of each
size class. The five classes are nanoplastics, microplastics, mesoplastics, macroplastics, and megaplastics, shown in Table 1.

Category

Size

Nanoplastics
< 1 µm
Microplastics 1.0 µm - 1.0 mm
Mesoplastics
1.0 mm - 2.5 cm
Macroplastics
2.5 cm - 1 m
Megaplastics
>1m
Table 1: Size Classes of Plastic
Source: Data from [9]
Plastic degradation is affected by a combination of physical, chemical and
biological interactions including sunlight (UV radiation), water/waves, wind, temperature (thermal radiation), oxidation, exposure to chemical contaminants and
the formation of biofilms [8, 10]. Physiochemical properties are related to the
physical properties of the polymer, such as chemical structure, molecular weight,
effects of additives, and the extent of crystallinity [11]. The degradation of plastic
particles leads to diverse shapes. There are five common categories of shapes used
to describe microplastic particles: beads, fibers, foam, fragments, and sheets [10].
Unlike the size classes of plastic particles, no universal definition exists to classify
particles on the basis of shape.
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1.2.3

Primary vs. Secondary Plastics

Microplastics are categorized as primary or secondary sources. The distinction between plastic sources is based on whether the particles were manufactured
to be that size (primary) or if the particles were a result of material breakdown
(secondary). Figure 4 highlights the difference between primary and secondary microplastic debris [9]. Examples of primary microplastics include microbeads found
in exfoliating cosmetic products and plastic resin pellets which are melted down to
use as feedstock to produce plastic consumer products. Secondary microplastics
are derived from large plastic products that are fragmented into smaller pieces of
debris [12].

Figure 4: Production Chain of Common Polymers
Source: [9], Fig. 3.2 on Page 16
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1.2.4

Thermoplastics vs. Thermosets

Synthetic polymers are categorized as thermoplastics or thermosets. Figure
4 features the production chain of thermoplastics and thermosets with examples
of common products [9]. Thermoplastics do not undergo chemical changes when
heated, so they can be melted and recast, which makes them easy to recycle after
being cured [13]. Thermoplastics have low melting points and low tensile strength.
Common thermoplastics include PE, PP, PS, PVC, and PET.
Thermoset plastics have high melting points and high tensile strength, making
them more rigid than thermoplastics. Polyurethane (PUR) is a well known thermoset. Thermosets undergo an irreversible chemical reaction when heated. The
polymers strengthen and retain their form once cured. Thermosets can only be
broken down via chemical recycling processes [5].
1.3

Life Cycle of Plastic Products
A life cycle assessment (LCA) is a project management tool that evaluates

the impacts of a product over its entire life span, which is referenced to as cradle
(raw material) to grave (end-of-life). The purpose of a life cycle assessment is to
quantify the environmental impacts that arise from material inputs and outputs
at each phase of the life cycle [14]. This approach allows consumers to analyze
impacts, such as energy use and air emissions, to make decisions that are beneficial
to the environment. Figure 5 provides a schematic for the life cycle of a plastic
product, from raw material extraction to material degradation [15]. The schematic
includes boundaries for the three life cycle phases but excludes inputs and outputs
pertaining to energy and emissions.
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Figure 5: Life Cycle Diagram of a Plastic Product
Source: [15] Fig.1 on Page 183
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1.3.1

Resource Extraction

Plastic production begins with the extraction of raw materials, using components derived from fossil fuels (i.e., coal, crude oil, natural gas) or renewable sources
(i.e., maize, palm fruit, sugar cane). Figure 6 provides the elemental components
of various fossil fuels, which include carbon, hydrogen, oxygen, nitrogen, sulfur
and minerals [16]. Fossil fuels are extracted through mining or drilling practices.
There are environmental hazards associated with fossil fuel extraction processes,
including acid mine drainage, oil spills, wildlife disruption, air and water pollution.

Figure 6: Fossil Fuel Composition
Source: [16]

1.3.2

Material Refinement

Petrochemical raw materials enter a refinery, where they are refined into
monomers (i.e., the building blocks of polymers). Polymerisation is the process
which chemically converts the monomers (e.g. ethylene, propylene, butylene) into
chains of bonded monomers (polymers). Polymers are melted and mixed through
the compounding process to produce a plastic formulation. The plastic formulation is extruded into uniform feedstocks in the shape of pellets which are easier to
handle when manufacturing new products.

9

Refinement facilities are a major source of air pollutants, including toxic metals, particulate matter (PM) and toxic gases (i.e., carbon monoxide (CO), nitrogen
oxides (N Ox ), sulfur oxides (SOx ), methane and others). Areas surrounding oil refineries have been coined the name “sacrifice zones”, which represent geographical
areas adjacent to heavily polluting industries where residents, or “fence line communities”, are disproportionately exposed to high levels of toxic pollutants [17].
A research study in 2007 found that people of color represent 56% of those living in neighborhoods within a 2 mile radius of the nation’s commercial hazardous
waste facilities, which is almost double the percentage in neighborhoods beyond
2 miles (30%) [18]. The environmental, social and economic impacts of pollution
disproportionately affect low-income families and people of color.
Plastic Additives
In this stage, additives are mixed into the base polymer to improve qualities of
the plastic. The appropriate use of additives plays a role in delivering/enhancing
the functional properties of the plastic compound. Additives are applied to improve
performance, aid processing, reduce costs and extend the life span of plastics [15].
Commonly used additives in industry can be classified according to their function. The main classes of additives include fillers, plasticizers, flame retardants,
colorants, UV and thermal stabilizers, lubricants, and anti-static agents [19]. The
classes of additives with the highest weight fraction are fillers, plasticizers and
flame retardants. Other additives typically make up a small percentage by weight
of the polymer. Refer to Table 2 for the typical loading levels (i.e., percentages by
weight of the polymer) and function of each type of additive.
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Class of Additive
Fillers

Typical Function
Loading
< 50%
Reinforcement or Reduction of Cost

Plasticizers

10-70%

Flame Retardants

10-20%

Soften the polymer making it more
flexible and extensible
Prevent ignition and/or flame propagation

Colorants

1-4%

To impart the desired color to the product

UV Stabilizers

0.1-2%

Thermal Stabilizers

0.1-8%

To control degradation of plastic on
routine exposure to solar radiation
To control degradation during processing

Processing Aids

0.5-2%

Others

variable

Lubricants used to make processing
of polymer easier
To obtain the desired property
in the product

Table 2: Common Classes of Additives and Their Functions
Source: Adapted From [19]
1.3.3

Product Manufacturing

There are many different processes and machinery used to manufacture plastic
products. Fabricating plastic products involves the melting, shaping and solidification of plastic feedstock. There are a range of plastic molding processes, including
injection molding, blow molding, compression molding, extrusion molding, rotational molding and thermoforming [20].
1.3.4

Useful Life

The useful life of a plastic product can be classified based on the length of time
in which the product is used. Durable goods are consumed over more extended
periods of time (i.e., greater than three years). Non-durable goods are consumed
in a short period of time (i.e., less than three years). According to the Environmental Protection Agency, 50.4 Mt of non-durable goods were generated in 2018,
accounting for 17.3% of the total municipal solid waste (MSW) generation [21].
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Figure 7: Fate of Plastic
Source: [3]
Single-use plastic products are considered non-durable goods because the
product is intended to be disposed of after one use. Single-use plastics commonly include packaging, bottles, utensils, wrappers, straws, and bags. Of the
8300 Mt of plastic produced up until 2015, 5800 Mt were deemed as single-use
plastic (69.87%)[3].
Figure 7 models the fate of plastics by visualizing the life cycle of global plastic
from production to disposal. The figure uses the concept of mass balance (see
equation) to provide the quantities of primary plastics (in Mt) that were produced
versus the quantities that remain at each step of the life cycle [3].
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1.3.5

Disposal Methods

Plastic is disposed of using three methods: discard, incineration, or recycling. The following subsections will describe each disposal method and provide
the estimated percent by volume of plastics that remain in each disposal stream.
Disposal methods vary geographically due to waste collection and management
infrastructure. High-income nations tend to invest in more sophisticated and effective management systems when possible. In comparison, developing nations
typically suffer from heavy pollution due to the lack of infrastructure to manage
the increasing rate of plastic waste generated, which leads to littering.
Notable streams of plastic waste include municipal solid waste (MSW) from
household collection systems, construction and demolition (C&D) waste, commercial and institutional (C&I) waste, waste electrical electronic equipment (WEEE),
end-of-life vehicles and other hazardous wastes. Figure 8 displays various plastic
waste streams and their environmental and health issues associated with the open
dumping and/or burning of plastic [22].

Figure 8: Sources of Contamination from Solid Waste Streams
Source: [22]
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Discard
Discarded plastic is “thrown out,” meaning that the plastic could either be
transported to the landfill or remain in nature as litter. Storage options for discarded waste vary based on the amount of space available to store the waste and
how the waste is collected. Litter refers to any waste product that has been discarded in the wrong location. Plastic accounts for the most significant proportion
of the global municipal solid waste, which represents approximately 10% of MSW
by weight [23]. Of the 8300 Mt of plastic produced up until 2015, 4900 Mt of
plastic was discarded (59%). 4900 Mt was calculated by combining 4600 Mt of
plastic that was directly sent to landfills (55.42%) with the 300 Mt of plastic that
was recycled and then discarded (3.61%)[3].
The goal of a landfill is to collect and bury waste. Landfills have existed for
over 5,000 years and have been the most common form of waste disposal practiced
globally. There has been a significant increase in geographical space used as landfills. Installing an engineered landfill requires extensive research and development
to properly construct the essential layers that will protect the surrounding soil and
groundwater. Landfills begin with a hydro-geological plot of land, a bottom liner,
a leachate collection system, and a cover [24]. Leachate is contaminated water that
has been in contact with the waste. Leachate can enter the environment in poorly
managed landfills, risking the contamination of open land, rivers and coasts [25].
In addition, carcinogenic chemicals found in plastics are present in leachate, which
are highly detrimental to biological systems [23]. Landfills are responsible for the
production of landfill gas, which is composed of approximately 50% methane, 50%
carbon dioxide, and a fractional percent of non-methane organic compounds [26].
According to the U.S. EPA, landfills are the third largest source of methane gas
in the United States, followed by industry and agriculture [27].
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Marine Debris
A significant portion of litter travels through our rivers, waterways, and watersheds and into the ocean as the final sink. Marine debris is defined by the National
Oceanographic and Atmospheric Administration (NOAA) as “any persistent solid
material that is manufactured or processed and directly or indirectly, intentionally
or unintentionally, disposed of or abandoned into the marine environment or the
Great Lakes (33 USC 1951 et seq. as amended by Title VI of Public Law 112-213)”
[28]. The abundance of plastic debris is of particular concern due to its persistence
in the marine environment and its ability to transport contaminants throughout
the ocean based on the rotating currents [29]. Gyres are large systems of rotating
ocean currents. The ocean currents continuously change due to wind patterns,
tides, and temperature differences. Refer to Figure 9 to locate the five gyres on
the world map [30].

Figure 9: Map of Five Gyres
Gyres [1-5]: North Pacific, Indian, South Pacific, South Atlantic, North Atlantic
Source: [30]
Due to the degree of plastic pollution identified in the gyres, it is common for
the term “gyre” to be associated with garbage patches, which are the collections of
plastic waste found in high concentrations. The most well-known garbage patch,
the Great Pacific Garbage Patch (GPGP), is bounded within the North Pacific
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Subtropical Gyre. The GPGP is a convergence zone that spans the waters from
Japan to the West Coast of North America. A scientific model predicted that
at least 79 (45-129) thousand tons of ocean plastic are floating inside the GPGP
[31]. The evaluated classification of marine plastic waste in the GPGP is shown in
Figure 10 [32].

Figure 10: Plastic Mass in The Great Pacific Garbage Patch
Source: [32] Fig.6 on Page 7
The absolute quantity of plastic marine debris entering our oceans remains
uncertain. The majority of the ocean outside of the gyres remains unsurveyed,
which introduces a high potential for error in global estimates of plastic marine
debris [33]. In 2010, researchers presented a framework for approximating the
amount of plastic marine debris entering the oceans every year. They estimated
that 275 Mt of plastic waste were generated by 192 coastal countries in 2010, with
4.8 to 12.7 Mt entering the ocean [34]. The annual input of plastic from 192 coastal
countries by 6.4 billion people (accounting for 93% of the global population) was
estimated to be 2.5 billion tons based on three factors: (i) the mass of waste
generated per capita annually, (ii) the percentage of waste that is plastic, and (iii)
the percentage of waste that is mismanaged [34].
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Sources of marine debris can be categorized into two groups: land and oceanbased sources. Approximately 80% of all marine debris comes from land-based
sources [35]. Littering and dumping of domestic and industrial waste are direct
waste sources. Poor waste management practices can cause debris to be blown,
swept, or washed out to sea. Extreme natural events, including hurricanes, tropical
storms, tornadoes, tsunamis, floods, and landslides, can generate an extraordinary
amount of debris. In addition, river systems, stormwater runoff, and sewage systems are capable of transporting debris into local marine environments [36]. According to the Ocean Cleanup, 1.15 to 2.41 Mt of plastic are entering the oceans
each year from rivers [30]. The other 20% of all marine debris is sourced from
ocean-based sources. Ocean-based sources originate from stationary platforms and
vessels at sea. The most considerable portion of ocean-based marine debris is referenced in literature as Abandoned, Lost, or otherwise Discarded Fishing Gear
(ALDFG)[31]. Other examples of ocean-based sources include cargo and passenger shipping, recreational boating, military navigation, fisheries and aquaculture
facilities, and the energy industry [35].
Incineration
Incineration is a thermal waste treatment process which burns waste for the
purpose of energy recovery or volume reduction. Of the 8300 Mt of plastic produced
up until 2015, 800 Mt of plastic have been incinerated (9.64%) [3]. 700 Mt of plastic
was directly incinerated (8.43%) and 100 Mt of plastic was recycled and then sent
for incineration (1.2%). Plastics can be incinerated formally in an incineration
plant or informally through open burning. The incineration of waste is a major
contributor to air pollution, especially in developing countries where open burning
is most common. Air pollution control systems are utilized to reduce the hazardous
air pollutants from being emitted, although they significantly add to the overall
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cost of the incineration plant. The byproducts of plastic combustion are airborne
particulate emissions and solid residue ash [37]. Figure 11 displays the incineration
processes and their byproducts [38].

Figure 11: Schematic Diagram of the Incineration Process
Source: [38]
Waste to energy (WtE) is an energy recovery process that converts waste into
forms of energy. WtE incineration can provide heat for municipal heating systems
or steam for electricity [27]. Many countries participating in WtE incineration aim
to reduce their dependency on landfills. WtE incinerators still release emissions
similar to conventional power plants, however, methane generated from organic
waste in landfills is reduced. When comparing methane gas to carbon dioxide,
methane is 28 to 36 times more effective at trapping heat in the atmosphere [26].
WtE incineration plants can also ensure that byproducts (e.g., bottom ash, fly
ash) are treated in a landfill that is certified to store the hazardous byproducts.
Sweden is one of the world’s leaders in generating energy from municipal
solid waste. Sweden turns approximately 50% of the household waste into energy
sources using 34 WtE power plants. Burning garbage produces steam that powers
a steam turbine. For comparative purposes, burning 4 tons of garbage is the energy
equivalent of burning 1 ton of oil, 1.6 tons of coal, or 5 tons of wood waste [39].
Other countries have begun sending their waste to Sweden, which shows that WtE
systems are competitive with the increasing costs of landfilling.
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Recycling
Recycling is the process of transforming waste materials into new reusable
materials and products. In the following chapter, mechanical and chemical recycling processes will be reviewed for material and/or energy recovery. Material
recyclability depends on whether the original properties can be reacquired through
recycling processes. Of the 8300 Mt of plastic produced up until 2015, 500 Mt of
plastic have been recycled (6.02%)[3].
Recycling is a key concept of the circular economy framework because material
processing begins at the end of a product’s life cycle and returns materials back
into the supply chain, effectively closing the loop of resource flows. Plastics are
shipped to a materials recovery facility (MRF) to be sorted and prepared for reuse.
The MRF utilizes conveyor systems, machines, magnets, and humans to process
waste, which are factored into the processing cost (i.e., price per ton) of operating
the facility. The outputs of the recycling system are bails of separated materials.
In 2021, The EPA National Recycling Strategy was published to provide a
transformative vision for the national municipal solid waste (MSW) recycling system [40]. Table 3 outlines the five most prominent challenges of the recycling
system which are considered areas of improvement.
(A) Improve markets for recycled commodities
(B) Increase collection and improve materials management infrastructure
(C) Reduce contamination in the recycled materials stream
(D) Enhance policies and programs to support circularity
(E) Standardize measurement and increase data collection
Table 3: Objectives of the EPA National Recycling Strategy
Source: [40]
It is challenging to produce a constant supply of recycled polymer resins of
high quality because high levels of contamination are present in single-stream waste
systems. Without a market for recycled materials within a specified contamination
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level, the bails of material remain as inventory and may be sent to landfill due to
space limitations. Therefore, creating a demand for recycled materials and products will promote further recycling. Recycled resins currently have a much higher
cost compared to virgin resins [41], which is a barrier to the circular economy. The
price of virgin resins are primarily linked to the price of oil, whereas recycled resin
prices are dependent on several processing costs (i.e., collection, sorting, cleaning,
energy and equipment usage).
1.4

Impacts of Plastic Waste
A solid understanding of the impacts of plastic pollution is integral to facilitate

a transition away from the current plastics life cycle. The three main impacts
of plastic waste are ecological, social, and economic impacts [42], which will be
described in detail in subsequent sections. Figure 12 is a conceptual model that
assesses the connectivity between the societal impacts of marine plastic pollution.
The model depicts how the ecological, economic and social costs of marine plastics
influence key drivers of plastic production and distribution [43].

Figure 12: Impacts of Marine Plastic Pollution
Source: [43] Fig.1 on Page 190
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1.4.1

Ecological Impacts

Interactions between organisms and plastic debris have been observed and
documented with an increase in encounters over time. Fatalities of marine species
have been reported beginning in the 1960s. Macroplastic litter and microplastics
are two major ecological problems regarding marine plastic waste. Large plastic
debris (i.e., macroplastics, megaplastics) has been shown to cause entanglement,
ingestion, and suffocation of marine species [12, 44]. The interactions of plastic
debris with marine birds, turtles, and mammals have received the most attention.
Contrarily, the effects of smaller plastic debris are becoming more evident on other
organisms, including fish and invertebrates [35].
Derelict Fishing Gear (DFG), also referred to as ghost gear, is any lost or
discarded gear that remains in the marine environment. Derelict nets, ropes, lines,
and all other types of DFG are a problematic waste due to their ability to drift long
distances at variable depths in the marine environment [45]. Physical damage to
marine ecosystems (i.e., smothering of reefs, sea-grasses, and mangroves) leads to
habitat change over time [42]. The consequences of entanglement include drowning, suffocation, lacerations, decreased ability to catch food, and the inability to
effectively avoid predators [29, 36].
Plastic can be ingested directly from the environment or indirectly from plastic
contaminated prey, leading to gut obstruction, potential toxicity, and starvation.
In degraded plastic debris, additives in polymers (i.e., dyes, fillers, biocides, UV
or heat stabilizers, plasticizers, lubricants, flame retardants) remain present. Microbial pathogens and toxic persistent organic pollutants (POPs) accumulate and
colonize microplastic fragments [46]. Just as the “biosphere” is the thin layer of
life on planet Earth, the term “Plastisphere” has been coined by scientists to refer
to the thin layer of diverse metazoan, and microbial life that develops on plastic
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marine debris [11]. The microbial pathogens and POPs accumulate in the tissues
of marine animals, which leads to the biomagnification of chemicals flowing up
the food chain. Figure 13 visualizes how microplastics accumulate through the
ingestion of marine species (i.e., fish, crustaceans, mollusks, amphibians, or other
aquatic animals) along a food chain to be ingested by humans [47].

Figure 13: Microplastics Along the Food Chain
Source: [47]
Humans are exposed to microplastics through inhalation and ingestion. A
2019 study evaluated the number of microplastic particles found in commonly
consumed foods and beverages to estimate the annual microplastics consumption
ranges, which varied between 74,000 and 121,000 particles including via inhalation [48]. Growing evidence suggests that microplastic contamination is integrated
into foods through the food chain, through production processes and as a result
of plastic packaging. In 2022, researchers in the Netherlands were first to detect
concentrations of polymeric components in human blood [49]. Microplastics were
detected in the blood of 17 out of 22 human participants. Polymeric components
of PET, PE and PS were most widely encountered. Despite the growing concern
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of impacts related to microplastics found in human samples, further research is
required to investigate the potential effects on human health [50]. A 2016 report
by the UN Environment Programme (UNEP) acknowledges that inadvertent ingestion of microplastics occurs through the consumption of seafood, but claims
that the exposure to plastic-associated chemicals is likely to be no more significant than other human exposure pathways [46]. Figure 14 references the selected
consumables found with the highest average number of microplastic particles per
gram/liter/m3 [51].

Figure 14: Microplastics Found in Consumables
Source: [51]
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1.4.2

Economic Impacts

Plastic is the eighth largest industry domestically [52], contributing to worldwide economic growth. The UNEP estimated in 2014 that the total natural capital
costs of plastics in the consumer goods industry was worth 75 billion USD [53]. The
plastics industry is one of the largest industries in the United States, accounting
for nearly one million jobs and 395 billion USD in shipments in 2020 [52].
Establishing economic costs of plastic waste is challenging because the direct
and indirect economic impacts can be difficult to quantify. For instance, the cost of
litter cleanups is a direct economic impact (recovery and disposal costs), whereas
volunteer labor time is an indirect cost. Plastic pollution is a costly issue for
society because of direct financial losses, as well as decreases in ecosystem services
that lead to indirect costs [53]. Ghost gear has a two-fold economic impact on
fishing vessels. Ghost fishing reduces the catch available which corresponds to loss
in fisheries revenue. Derelict gear is expensive to repair or replace once missing or
damaged and leads to a loss in earnings from downtime.
Marine environments support a range of interests including fishing, shipping
and tourism [54]. Studies have found that beaches trashed with marine litter see a
reduction in tourism, which reduces the income of beach communities by millions of
dollars annually [17]. Low-income countries are disproportionately affected because
their inability to afford high cleanup costs continues to drive tourists and revenue
away.
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1.4.3

Social Impacts

The social impacts of plastic products are related to the ways in which plastics
affect a person’s quality of life. Plastics play a role in public health by enabling access to clean drinking water, life-saving medical devices, and food storage. Plastic
packaging protects vulnerable goods from getting damaged in transport. Plastic
packaging extends the shelf life of perishable items, which can reduce food waste.
However, irresponsible disposal of plastic products has led to the substantial quantities of plastic waste in landfills and the natural environment [25]. Plastic pollution
is perceived as a risk to the health and safety of all living beings, which leads to
changes in plastic litter management based on social and behavioral perceptions.
Public attention of plastic pollution has led to local, national and international
policy responses, for instance, restrictions or bans on single-use plastics.
The COVID-19 pandemic highlighted social factors that increased plastic consumption. Potential health risks and societal factors concerning plastic reuse and
virus-contaminated products increased single-use plastic consumption [55]. Personal protective equipment (PPE) was previously treated as medical waste but is
now appearing in MSW streams.
Plastic waste threatens the livelihoods of those dependent upon marine resources. The accumulation of plastic litter in coastal areas reduces the aesthetic
value, deterring recreational users from visiting polluted areas for coastal activities such as swimming, water sports, boating and fishing [54]. The environmental
stewardship of Indigenous peoples is prevalent globally, as they depend on the local natural resources, biodiversity and clean air for survival. Coastal Indigenous
heritage includes the history and cultural values of places, items, practices, observations and customs [17]. Loss of indigenous values is a negative social impact of
marine litter [42].
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1.4.4

Global Impact of China’s National Sword Policy

The rapid accumulation of plastic waste became a global challenge, especially
in countries where economic development and population growth leads to an increase in the consumption of single-use plastics. In the 1990s, China had a high
demand for raw materials in response to rapid industrial development. China’s
shortage of domestic resources led to the import of recyclable waste from developed countries, which provided China with a stable supply of raw materials while
also generating high profits for recycling industries [56]. Cargo vessels that carried
Chinese consumer goods abroad would have otherwise returned to China empty,
which made shipping rates to China favorable [57]. China’s competitive recycling
prices, coupled with their low contamination standards, led high-income countries
and upper middle-income countries to export the majority of their recyclables to
China [17]. For exporting countries, the cost of exporting plastic waste to China
was cheaper than domestic disposal costs associated with landfilling and incineration plants [58]. At the time, this arrangement benefited both the importer and
the exporter.
Since 1992, China has imported approximately 45% of plastic waste, cumulatively [58]. After accruing contaminated recyclables for two decades, China began
to implement more rigid waste import policies. The quantity of low-quality, highly
contaminated recyclable waste the country was receiving was overwhelming the
materials recovery facilities and began to have noticeable impacts on Chinese communities and natural environments [17]. In December 2017, the Government of
China enacted Operation National Sword, a policy initiative to ban the importation of certain types of solid waste, as well as set strict contamination limits on
recyclable materials. Apart from prohibiting 24 types of recyclable waste beginning
at the end of 2017, China decided that it would only accept plastic imports that
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Figure 15: Global Plastic Exports to China
Source: [59]
reach a 99.5% purity standard. This contamination level is nearly impossible for
exporting countries to achieve without a paradigm shift towards uncontaminated
recyclables. Shipping containers of recyclable waste were sent away by China if the
waste exceeded the acceptable levels of contamination. As a result, China went
from handling half of the global recyclables to accepting nearly zero imported recyclables [60]. Figure 15 shows how plastic exports to China drastically decreased
between 2017 and 2018 due to the National Sword policy [59].
The National Sword policy shook the global recyclables market, causing major
waste stream backlogs in countries that were dependent on exporting trash to
China. The cost of exporting plastic material increased considerably, which forced
countries to develop alternative plans for waste management. Stockpiles of bailed
plastic waste increasingly entered landfills and incinerators across the globe due
to the inability to handle the volume of waste. Western countries began exporting
their waste to other Southeast Asian countries, including Malaysia, the Philippines,
Cambodia, Thailand and India [56].
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1.5

Economic Systems
The global economy represents the management of available resources on

Earth. The production, consumption, and disposal of plastic goods in today’s
society can be expressed in three economic models: a linear economy, a recycling
economy, or a circular economy. Figure 16 uses flow charts to represent the possible
life cycles of products for each type of economy [61].

Figure 16: Types of Waste Management Economies
Source: [61]

1.5.1

Linear Economy

The linear economy is summarized by the sequence of “take – make – dispose.”
Raw materials are extracted and transformed into products for profit, followed by
the product use and disposal of post-consumer waste [62]. The linear economy
results from business practices that infer an infinite supply of raw materials, which
has successfully generated wealth in the industrialized nations at the expense of
the productivity of ecosystems. The majority of consumer products follow a linear
consumption model [50].
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1.5.2

Recycling Economy

Most individuals have heard of the phrase, “Reduce, Reuse and Recycle”. Referred to as the 3 R’s, the slogan has been taught in schools and promoted through
environmental organizations as a hierarchical framework for reducing waste and
conserving natural resources. The 3 R’s are commonly pictured in combination
with the universal recycling symbol, shown in Figure 17.

Figure 17: The Universal Recycling Symbol with 3 R’s
The order of the 3 R’s is important because reducing waste is the most effective strategy for conserving natural resources. The primary goal of the 3 R’s
is to promote resource efficiency by lessening the use of virgin resources and energy. The second most effective strategy is to reuse items. Reusing items more
than once extends the product’s useful life, preventing new resources from being
extracted and old resources from entering waste streams. The last stage of the
waste hierarchy is to recycle, which implies transforming the product into a new
item through a series of energy-intensive recycling processes.
In a recycling economy, recycling is the defining strategy for reducing waste
and reducing the environmental impact of the waste system. Yet, recycling only
starts at the disposal stage and typically produces recycled materials of downgraded quality (ultimately leading to disposal). With recycling continuing to operate business-as-usual, consumption patterns will remain unchanged, and volumes
of waste will continue to grow. Furthermore, the recycling economy does not consider the avoidance of waste in all aspects of the life cycle as a path to beneficial
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innovations, which is a crucial flaw to call to attention. Finding practical solutions requires us to consider all parts of the life cycle to make improvements, with
suggestions including green chemistry, green design, green manufacturing, effective
waste management, prevention, and removal of marine debris [29].
Designing for circularity should begin in the early stages of the product design
phase to consider how a product can be reused, recycled, or remanufactured after
use [63]. Various R frameworks have been described to expand the 3R framework
by including strategies that can improve circularity. For instance, the 6R framework stands for “Reduce - Redesign - Refuse -Reuse - Recycle - Recover.” Figure
18 models the 9R framework, adapted from [64].

Figure 18: The 9R Framework
Adapted from [64]
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1.5.3

Circular Economy

The EPA defines the circular economy (CE) as “an economy that uses a
systems-focused approach and involves industrial processes and economic activities that are restorative or regenerative by design, enables resources used in such
processes and activities to maintain their highest value for as long as possible, and
aim for the elimination of waste through the superior design of materials, products,
and systems [40].” The circular economy is based on three principles: to design
out waste (elimination), to keep products and materials in use (circulation), and
to regenerate natural systems [65]. Figure 19 shows how recycling adds circularity
to the life cycle of plastics.

Figure 19: Life Cycle with Circularity

The circular economy can be tied back to the field of study called Industrial
Ecology (IE), also referred to as the “science of sustainability”, which analyzes
material and energy flows in industrial systems [62]. Related to the term “industrial symbiosis”, the objective of industrial ecology is to ensure that there is no
such thing as waste, considering how wastes from an industry or process could
become raw materials for another system [66]. Hence, a closed loop represents a
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closed system that facilitates an industry of returning and remaking. Under this
definition, industrial ecology aims to optimize the entire material life cycle, from
raw material extraction to ultimate disposal.
The Circularity Gap Reporting Initiative is driven by Circle Economy, an
organization dedicated to highlighting the need to transition to a circular economy. The Circularity Gap Reporting Initiative published the first Circularity Gap
Report in 2019, which provided statistics showing how the world economy was
only 9.1% circular [67]. In 2021, the Circularity Gap Report calculated our global
economy as 8.6% circular, meaning that the circularity gap is trending down.
The Ellen MacArthur Foundation was established in 2010 to develop and promote the transition from the current linear economy to a circular economy [65].
Transforming into a fully circular economy requires the collaboration of businesses,
academia, policymakers, and institutions to develop a systems framework to create
solutions at scale. Figure 20 depicts the circular economy system diagram [68], also
referred to as the butterfly diagram, which illustrates the technical and biological
cycles of materials in the economy. The technical cycle, illustrated in blue, circulates finite materials through reuse, share, repair, remanufacture, and mechanical
recycling. The biological cycle, illustrated in green, manages the flow of renewable materials through processes including composting, anaerobic digestion, and
regenerative chemical recycling.
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Figure 20: Circular Economy Butterfly Diagram
Source: [68]
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CHAPTER 2
Bulk Recycling Methods
2.1

Definition
Bulk recycling is defined as the process of separating composite mixtures of

waste products into elemental components to be repurposed. Recycling transforms
waste materials into reusable feedstock through mechanical, chemical or heat treatments [1]. Plastic recycling techniques are classified into four general categories:
primary, secondary, tertiary, and quaternary. Figure 21, adapted from [2], provides an overview of the plastic recycling techniques which will be described in
subsequent sections of this chapter.

Figure 21: Overview of Plastic Recycling Techniques
Source: Adapted from [2]
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Bulk materials require diverse separation processes to isolate various types
of materials that meet an acceptable range of contamination/purity. Choosing
the correct waste separation technology plays a fundamental role in advanced bulk
recycling because the value of recycled material is dependent on the isolation of the
material from other wastes/contaminants. Simply put, failed separation operations
equate to failed material recovery [3].
2.2

Mechanical Recycling
Mechanical recycling of plastic waste refers to any operation that can recover

a raw material via mechanical processes. Mechanical recycling is the dominant
recycling method worldwide. Mechanical recycling processes can occur in a different order but generally include collection, sorting, size reduction, and washing [4].
There are several critical challenges to mechanical recycling that are addressed in
research. First, most mechanical recycling processes yield “down-cycled” feedstock
because the processing techniques degrade the physical and mechanical characteristics of polymer waste [5, 6]. Complex streams of waste are more challenging
to manage due to technical limitations. Removing colorants, additives, residues,
and odors can be expensive, as well as expose unintentional consequences to the
composition and properties of the recycled material [7].
Mechanical recycling processes are categorized as primary or secondary. Primary recycling processes convert high-quality polymers into high-quality polymer
products [1]. Pre-consumer (production) waste or pure polymer streams are extruded with little to no contamination. Secondary recycling processes sort postconsumer mixed waste into lower-quality polymer products [8].
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2.2.1

Collection

In waste management systems, collection refers to the transfer of material from
the point of use to its point of disposal. Four types of waste collection systems
are prevalent: communal systems, block collections, curbside collections and doorto-door collections. Approximately 59% of households in the U.S. have access to
curbside recycling services as of 2019, or approximately 70 million homes [9].
Single stream recycling is a system in which all recyclables (including plastics,
metal, glass, and paper) are mixed in a single curbside bin for consumers. This
system encourages consumers to participate in recycling due to its convenience
because individuals do not need to sort and store separate recyclables. Instead,
one collection truck will compact the materials for hauling to the MRF, which has
the burden of sorting and processing the waste into separate streams. However,
increased participation and material collection have led to high contamination
rates. “Wishcycling” refers to putting something in the recycling bin with the
mere hopes that it is recyclable. Wishcycling is pricey issue to remediate because
extra labor is required to remove non-recyclable materials, as well as increased
damages to sorting systems and equipment. According to the National Waste
and Recycling Association, around 25% of the materials currently recycled are too
contaminated to end up anywhere besides the landfill [10].
Source separation (i.e., multi-stream collection) is the opposite of single stream
recycling, which means that the waste producer is responsible for manually sorting
wastes into designated collection bins [3]. Collection vehicles have one or multiple
compartments to store distinct waste streams. Dual-stream recycling is a system
that collects two primary grades into two separate bins prior to collection. The
most common grades are mixed containers (plastic, glass, metal) and mixed papers
(paper and cardboard). Multi-stream recycling is a system where the consumer
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Figure 22: Single vs. Multi-Stream Recycling
Source: [11]
sorts multiple kinds of recycling material types prior to collection. The benefit
of presorted material is decreased contamination at the source, leading to higher
profits for recycled material. However, multiple compartments are required to
effectively separate diverse types of waste, shown in Figure 22 [11].
The United Nations Human Settlements Program made a comparison between
having a good solid waste management system and having good health. “If you are
lucky to have it, you don’t notice it. On the other hand, if things go wrong, it is a big
and urgent problem and everything else seems less important. [12]” The reality is
that managing solid waste is one of the key challenges of the 21st century. There
are significant barriers to implementing formal waste diversion programs, which
leads many countries to depend on informal waste sectors to process high volumes
of waste that accumulate in streets, doorways, waterways and dump sites.
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Informal Collection: Waste Pickers
Waste pickers (also referred to as rag pickers, waste collectors, recyclers, reclaimers) engage in the recovery of recyclable materials from waste to sell to recyclers. In many countries, waste pickers provide the only form of solid waste collection, particularly in countries affected by rapid urbanization and industrialization
[12]. Reliable statistical data on waste pickers is difficult to produce. Nevertheless, an estimated 15-20 million people globally work as waste pickers [13]. Waste
pickers have a positive impact on the public health, safety, and environmental
sustainability of communities worldwide.
Waste pickers are often exposed to toxic wastes when sorting through waste
streams. The unhygienic conditions of contaminated waste increases the risk of accidents due to exposure of hazardous materials (i.e., punctures from glass/needles,
exposure to dust and particulate material, presence of faecal matter). Poverty is
a main driver for adults and children to work in the informal waste sector. Waste
pickers lack welfare protections and access to education, which perpetuates the
social stigma and public harassment [12].
Case Study: PickMyTrash in Delhi, India
In January of 2020, I traveled to India to gain experience on global sustainability practices. Through this trip, my classmates and I connected with an environmental research and action group, Chintan. Chintan works with Delhi’s waste
pickers on a joint initiative called PickMyTrash, which connects waste generators
to waste pickers who provide door-to-door collection services for a variety of materials [14]. The recycled materials are quantified and sorted for recovery, which
provides the waste pickers with a source of income while diverting 93% of the waste
from landfills through recycling and composting processes. The sorting process at
a recycling facility at IIT Delhi is shown in Figure 23.
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Figure 23: Waste Sorting in Delhi, India
Marine Debris Collection
Plastic marine debris has been documented and measured in various marine
environments with attention to the sea surface of the five gyres and the Great
Pacific Garbage Patch. Marine debris is found in all seven ocean compartments:
biota, coastlines, sea surface, sea ice, water column, seafloor and sediments [15, 16].
Debris will either float on the surface of the water, settle beneath the water’s
surface, or sink to the bottom of the sea. Generally, high-density materials such as
glass, metals, rubber, PVC, and PS will sink, whereas low-density materials such
as PE, PP, or PET bottles with air in them will float on the surface [17]. The
density of microplastics can be influenced by the polymer type, concentrations of
additives used, as well as adsorption of organisms and organic micro-pollutants
[18].
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Collecting marine debris is significantly more challenging compared to municipal waste recycling. Marine litter investigations generally fall into one of three
categories: beach litter surveys, benthic litter surveys (i.e., ocean floor), and floating litter surveys [19]. Many approaches can be used (individually or in combination) to detect, sample, and characterize marine debris in the environment. The
field as a whole has not adopted internationally-accepted standardized operational
guidelines or methodologies in sampling and litter classification to enable comprehensive analyses of datasets [19]. In addition, inconsistencies and potential biases
can be present in the surveying and monitoring of marine debris, which measure
marine debris sources, abundance, distribution, movement, and impact data on
regional, national and global scales [20]. For example, the mesh size of a sieve
used to extract litter will influence the shape and size of particles captured [21].
Hence, recording relevant information from the sampling methods, analysis, and
environmental context used to collect each data set is necessary.
Progress has been made by the United Nations Environment Programme
(UNEP) and Intergovernmental Oceanographic Commission (IOC) to produce
generic guidelines for monitoring marine debris. There are several existing action plans established by many independent and intergovernmental organizations,
which were incorporated in the development of the UNEP/IOC Guidelines on Survey and Monitoring of Marine Litter [19]. Relevant information was compiled from
the NOAA Marine Debris Division [20], the Regional Seas Programme (RSP) of
UNEP [22], IOC of UNESCO [23], the Oil Spill Prevention, Administration and
Response (OSPAR) Measures and Actions Programme (MAP) [24], the Helsinki
Commission (HELCOM) [25], the Ocean Conservancy’s National Marine Debris
Monitoring Program (NMDMP) [26], Group of Experts on the Scientific Aspects
of Marine Environmental Protection (GESAMP) [21] and additional resources.
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2.2.2

Size Reduction

The primary goal of size reduction is to process the bulk material into smaller
uniform pieces or pellets. Size reduction tends to be one of the first processes in
the recycling line, which represents an operator’s first chance at altering the characteristics of the material. Size reduction enables processors to enhance recycling
efficiency through blending, extrusion, grinding, granulating, milling, pulverizing,
and shredding. Small, uniform sizes and shapes of material result in easier handling
for the sorting machinery.
Disassembly
Disassembly reduces subassemblies into component parts for recycling. Disassembly refers to non-destructive or semi-destructive operations that reduce the
assemblies into pieces (or subassemblies). Instead of disassembling and manually
sorting plastic components, it is common for recyclers to shred and automatically
sort the plastics instead [27].
It is recommended that product designers consider designing for disassembly
in the early stages of product development. It is beneficial to reduce the amount
of time and resources (costs) needed to disassemble products [7]. Designing for
disassembly extends the functional lifetime of parts and increases the durability
of a product because a single part can be replaced instead of replacing an entire
product [28].
Shredders
A shredder is a device that shreds materials using multiple cutters. Industrial
shredders include different types of cutting systems to fit the need of the material
stream, such as vertical shaft design, horizontal shaft design, single shaft, or multishaft cutting systems. Figure 24 provides a schematic design of a shredder [29].
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In the figure, the plastic feed moves down the vertical shaft due to the gravitational force until the material reaches the housing. The rotating and static cutters
enclosed in the housing perform the shredding operation. Mesh sizing screens are
utilized to ensure a uniform reduction in size. A two-stage size reduction process
that includes granulation as the second stage may be used to reduce particle size
further. Shredders run at high torque and low speeds, differing from granulators
that run at high speeds with relatively low torque.

Figure 24: Schematic Design of a Shredder
Source: [29]

Granulators
A granulator is a machine that forms materials into grains (i.e., granules,
granulate). Granulate is an easier physical form for converters to process because
the uniform shape is more consistent when compared to flakes [4]. Refer to Figure
25 for a schematic design of a granulator [30]. As shown, the feed material enters
the granulator, where a series of electric motor-powered rotor knives make continuous cuts against a stationary hard surface. The material gradually breaks down
into granules that are sized according to mesh screens, producing uniform plastic
recyclate [27].
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Figure 25: Schematic Design of a Granulator
Source: [30]
Pelletizers
Pelletization is an additional process used in some cases to create uniform
feedstock for subsequent operations. A pelletizer compounds flakes into pellets,
which are small rounded, spherical, or cylindrical forms of material. The pellets
are used as an alternative for virgin material (or combined with virgin material)
for the production of recycled plastic products [7]. Pelletizer systems use wet and
dry processes to achieve a specific pellet shape. There are three types of pellets
commonly used for plastics recycling: strand, water-ring, and underwater pellets.
Figure 26 displays the three types of plastic pellet shapes [31].

Figure 26: Varieties of Pellet Shapes
Source: [31]
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Cylindrical pellets are formed using strand pelletizers, which extrude molten
material into thin rods, cool in a water bath, and cut into shape. Spherical pellets
are formed through an underwater pelletizer (UWP), a die-face pelletizer. Molten
polymer material flows through die holes in a die plate. The material emerges
through the die face and exits through die holes, where it enters a cutting chamber filled with liquid. Water-ring pellets are the product of water-ring pelletizers
(WRP), similar to underwater pelletization. After the molten polymer exits the
die plate hole, a rotating knife will cut and throw the pellets outward into process
water. Water-ring pelletizers differ from underwater pelletizers because the process
water in WRP does not come into contact with the die plate.
2.2.3

Sorting

Industrial sorting systems apply a variety of automatic and manual sorting
methods to isolate mixed recyclables. Complementary sorting technologies include
spectroscopy, x-rays, density, electrostatics, melting point, hydro-cyclones, selective dissolution, and manual sorting [8]. Figure 27, adapted from [32], identifies
commonly used identification methods for sorting mixed plastic waste based on
physical and chemical properties.
Purity is vital for transforming polymeric waste into high-quality recycled
material. The design of a sorting installation may be tailored to the incoming
mixed waste stream for optimized sorting. Sorting is typically performed in various
stages of separation methods using various orders to clean and sort according to
polymer type [7]. The overall efficiency of the recycling system is optimized when
the contamination level of the end product is minimized [33].
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Figure 27: Commonly Used Methods for Plastic Identification
Source: Adapted from [32]
Manual Identification
Manual sorting of mixed materials involves visual identification and sorting
using characteristics such as shape, color, and appearance by an operator [34].
Mixed plastic waste streams employ properly trained inspection personnel to visually sort materials on a conveyor into designated categories. Manual sorting is a
very labor intensive process because it relies on human labor to separate materials
with high accuracy in order to produce high value recycled material. Human error
plays a role in the contamination level of the sorted material.
Optical Sorting
Optical sorting is used in the largest and most advanced material recovery
facilities. Optical sorting machines automate separation processes using cameras,
sensors and lasers to distinguish material properties such as color, size, shape, and
chemical composition [4]. The optical sorter accepts or rejects an object based
on a user-defined criteria to select or remove specific products from the material
stream. Artificial intelligence (AI) equipped machines are capable of upgrading
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recycling capabilities over time through algorithms and programming software.
Spectroscopy
Spectroscopy is the study of absorption and emission of light and other radiation by matter. Spectroscopy can be used to assess chemical and physical material
properties for material identification using the following techniques: absorption
spectroscopy [ultraviolet (UV), visible (VIS), near-infrared (NIR), mid-infrared
(MIR)], reflectance spectroscopy [NIR and MIR], Raman scattering and emission
spectroscopy [fluorescence, laser induced breakdown spectroscopy (LIBS)] [32]. Infrared spectroscopy is the main technique used to characterize polymer waste in
recycling industries [35].
Ferrous Metal Separation
Powerful magnets are used to separate ferrous metals (i.e., steel, pig iron, cast
iron, iron alloys, stainless steel) from mixed waste streams. “Ferrous” is derived
from the Latin word “ferrum”, meaning “iron”. Magnetic drums and head pulleys
can remove small fragments of ferrous metals. On the other hand, nonferrous
metals (i.e., aluminum, copper, lean, nickel, tin, zinc, die-cast metals) contain no
iron. Figure 28 shows how ferrous metals are separated from nonferrous metals.

Figure 28: Ferrous and Nonferrous Metal Separator
Source: [36]
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Nonferrous Metal Separation
An eddy current separator can be used to separate nonferrous material from
nonmetallic material. The eddy current separator uses a magnetic rotor to form
eddy currents within the nonferrous metal, creating a magnetic field. The magnetic field repels away from the rotating magnet, which will launch the nonferrous
material into a separate stream from nonmetallic material. Figure 28 visualizes
the combination of ferrous and nonferrous material separation methods (magnet
drum and eddy current separator) in a mixed material stream.
Separation by Density
Density (ρ) is the mass per unit volume of a substance (ρ =

m
).
v

Mass rep-

resents how much matter lies within a substance, whereas volume provides the
amount of space the substance occupies. Objects made of the same material will
have consistent ratios of mass to volume, which means that identical materials can
be identified based on their density using separation methods. Density separation
can occur in air or water.
The “sink-float method” is a technique that utilizes density differences to separate specific materials from mixtures in a liquid bath. Chapter 3 will present a
cost optimization model using the sink-float method. The liquid bath consists of
a high density saturated solution. Microplastics extraction researchers use appropriate liquid solutions to isolate target materials, including the following solutions:
sodium chloride (NaCl) with a density of 1.202 g/mL, calcium chloride (CaCl2 )
with a density of 1.46 g/mL, sodium iodide (N aI) with a density of 1.98 g/mL,
zinc chloride (ZnCl2 ) with a density of 2.91 g/mL, and lithium metatungstate
(LMT) with a density of 3.7 g/mL [37]. Refer to Figure 29, which provides the
density (in g/mL) of common plastic types and appropriate salt solutions used to
float the respective polymer [38].
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Figure 29: Density of Polymers and Appropriate Solution for Extraction
Source: [38] Table 1 on Page 3
PET bottle recycling is a relevant example used to break down the sink-float
method. If you shredded one ton of PET bottles, the output would be a co-mingled
stream of PET, PP and PE flakes. Consider a density separation tank filled with
water. Water has a density of 1.00

g
.
cm3

PET has a density of 1.38

g
,
cm3

which is

greater than the density of water, so the PET flakes will sink to the bottom of the
tank and be removed via a conveyor system. The PP and PE plastic will float to
the top of the water because their relative densities are less than the density of
water.
Dry density separation utilizes air classifiers, which is a type of industrial
machine that separates fine particles of different densities using air flow [27]. Mixed
materials are dropped into a sorting chamber containing a column of rising air.
The forces in the air column counteract the force of gravity to make a division
between high and low density materials. Less dense materials are transmitted into
a separate path while denser objects drop through the bottom exit. Figure 30
depicts the air flows within an air classifier [39].
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Figure 30: Air Classifier Diagram
Source: [39]
Centrifugation
Centrifugation is a mechanical separation technique used to concentrate particles suspended in a liquid medium or supernatant. The ability to separate particles
through centrifugation is dependent on particle size, shape, density, the viscosity
of the supernatant, and rotor speed [40]. A centrifuge is a piece of equipment that
enables centrifugation by applying centrifugal force, shown in Figure 31 [41]. The
particles and supernatant are combined into a centrifuge tube and placed inside
the rotor, then spun at a controlled speed around a central axis. The benefit of using centrifugation for density separation is that the centrifugal force speeds up the
natural sedimentation process by replacing gravity with the much more powerful
centrifugal force, which causes sedimentation perpendicular to the central axis.
Centrifuges provide a means for separating particles with minuscule differences in density. According to the sedimentation principle, dispersed particles will
migrate toward or away from the axis of rotation depending on the density of the
particles and solution. If the particle density is higher than the solvent density,
the particle will sink. In contrast, the particle will float if the particle density is
lower than the solvent density.
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Figure 31: Centrifugal Force
Source: [41]
There are several varieties of centrifuges that can be used for different applications. The main difference between the types of centrifuges is the range of
speeds and the rotor design. Table 4 compares the three main types of centrifuges:
Low-Speed, High-Speed, and Ultra-centrifuges [42]. When using a centrifuge to
perform experiments, the test data should include relevant information regarding
the testing procedures, which is shown in Table 5. Appropriate testing data is
recorded to ensure testing is repeatable and reproducible [43].
Parameters
Low-Speed
Max RCF (xg)
7000
Volume Range (mL)
1.5-2000

High-Speed
50,000
1.5-200

Ultra-centrifuge
1,000,000
0.23-250

Table 4: Types of Centrifuges

Test Data for Centrifugation
(a) Description of centrifuge and auxiliary equipment
(b) Operating conditions
(c) Feed characteristics
(d) Liquid centrate characteristics
(e) Separated solids centrate characteristics
(f) Power consumption
Table 5: Test Data for Centrifugation [43]
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Sieving
Sieving is a technique for separating particles based on differences in particle
size. Materials are collected and passed through single or multiple sieves of various
mesh sizes for size differentiation. A particle is not able to fall through the holes/pores of a mesh that are smaller than the particle itself. This separation method
filters smaller particles through and isolates larger particles. Common pore size
are in the range of 5 mm, 1 mm, 335 µm, 330 µm, 80 µm, and 0.2 µm [18].
2.2.4

Cleaning

Washing is crucial in recycling systems because contamination is common in
mixed plastic waste streams. Plastic items are commonly contaminated with paper,
glue, sand, and food waste. The washing process sprays hot water, often treated
with detergents and disinfecting agents, above the stream of plastic material to
remove contaminants. Drying follows the washing stage, using hot air to dry the
plastic material. Washing processes often follow sorting and shredding processes,
but the order of recycling processes will vary depending on the project.
2.2.5

Fabrication

The last recycling step is to re-fabricate (i.e., manufacture) materials into
new products. Plastic fabrication includes the following methods: cutting, blending, molding, thermoforming, extrusion, punching, shearing, stamping, foaming,
welding, and machining.
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2.3

Chemical Recycling
Chemical recycling breaks down polymers into smaller component molecules

(monomers) via chemical reactions, which are subsequently reconstructed into new
polymers for further use [6, 44]. Chemical recycling is costly and requires resourceintensive processes, making it a less common recycling approach compared to mechanical recycling processes. Figure 32 provides a schematic model of the degradation of conventional plastic materials [45]. The degradation of floating plastic
varies from sunken plastic due to exposure to sunlight. The visible spectrum of
light leads to high temperatures, which influence thermal degradation, whereas
ultraviolet (UV) light leads to the photo-oxidative degradation of polymer chains
through bond scission. Infrared radiation leads to thermal oxidation.

Figure 32: Degradation of Plastic Materials
Source: [45] Figure 6 on Page 149
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2.3.1

Depolymerization

Depolymerization is the reverse of polymerization, which breaks down polymer
chains into purified oligomers or monomers. Depolymerization is beneficial in that
recycled monomers are similar in quality to virgin monomers, allowing for polymer
waste to be produced into (near) virgin-grade polymers [46]. The target feedstock
for depolymerization are “condensation” polymers (polycondensates), which include polyesters (PET), polyamides (PA), and polyurethanes (PUR). PET is the
most common plastic suitable for depolymerization. Through the condensation
reaction, the C-C bonds link the monomers.
Case Study: ECONYL® Yarn
In 2011, Italian plastics company Aquafil developed ECONYL®, a regenerated nylon yarn made from depolymerized nylon 6 waste material. ECONYL®
yarn sources nylon 6 waste from old carpets, fishing nets removed from the ocean,
pre-consumer waste from industrial processes, and take back projects in collaboration with different brands. After nylon waste is collected, the waste is cleaned,
shredded, compacted, and bagged for transport. Depolymerization is conducted at
Aquafil’s ECONYL® waste treatment center in Ajdovščina, Slovenia [47]. The nylon monomers are rendered into a molten polymer state and then extruded through
a metal spinneret to be loaded onto spools. Nylon and ECONYL® are not elastic
in their raw form, which is why the fibers must be stretched, drawn, and spun into
uniform strands of yarn which are stretchy once woven. The production process
of ECONYL® yarn is shown in Figure 33.
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Figure 33: Production Process of ECONYL® Yarn
Source: [10]
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2.3.2

Enzymatic Depolymerization

Enzymatic degradation upcycles plastic waste by depolymerizing plastic substrates into oligomers and monomers. Various microbial plastic-degrading enzymes
have been discovered and only account for a small portion of enzymes relevant to
plastic depolymerization in the environment. However, naturally occurring enzymes are resistant to synthetic plastic materials due to factors such as high crystallinity. For this reason, protein engineering is an emerging field of research that
contributes to the optimization of plastic degrading enzymes by enhancing enzyme
thermostability, interactions between the substrate and enzyme, and refinement of
catalytic capacity [6]. Industrializing the enzyme-based recycling process requires
the cost to be competitive with current thermomechanical recycling processes [48].
Procedures used to study enzymatic digestion require the monitoring and maintenance of factors including time, temperature, and optimal pH conditions of the
enzyme [18].
Plastics are considered either hydrolyzable or non-hydrolyzable. Section B in
Figure 32 ranks the polymer degradation potential of common polymers and provides types of enzymes used to break down the associated polymers [45]. Hydrolyzable plastics (PET, PUR and polyamides) contain hydrolyzable chemical bonds in
their backbone structure which hydrolytic enzymes can break down [45]. Degradation occurs when the enzymes break down the carbon backbone of the polymer
chain, releasing metabolic components such as CO2 , H2 O, CH4 and N2 [49]. Enzymes belonging to the class Hydrolases (including Cutinase, Lipase, and PETase)
are known for degrading hydrolyzable plastic polymers due to their susceptibility
to chemical breakdown in the presence of water [49]. Hydrolyzable plastics (C-O
backbone) represent approximately 18.4% of the market share of plastics, whereas
non-hydrolyzable polymers (PE, PVC, PS and PP) represent approximately 76.7%
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[50]. Non-hydrolyzable plastics have a backbone composed of inert C-C linkages
which make the plastic extremely resistant to enzymatic degradation [6]. Refer to
Figure 34 to examine the backbone structures of the most commonly used plastics
with their percentage of total market share [50].

Figure 34: Classification and % Market Share of Commodity Plastics
Source: [50] Fig.1 on Page 3

In 2011, a team of researchers from the Kyoto Institute of Technology were
screening microbial communities exposed to PET in the natural environment. The
team discovered and isolated a single bacterial species, Ideonella sakaiensis 201F6, that was capable of degrading PET film [51]. The bacterial species secretes
an enzyme called PETase that catalyze the hydroloysis of PET, transforming PET
into two component molecules, ethylene glycol and terephthalic acid (benzene1,4dicarboxylic acid) [48].
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Case Study: Carbios Enzymatic Recycling
Carbios, a French biochemistry company, has been developing applications
for the enzymatic recycling of PET since its establishment in 2011. In 2020,
Carbios colleagues teamed with researchers in France to engineer an optimized
PET hydrolase. Over a duration of 10 hours, the enzyme successfully converted
a minimum of 90% of a batch into monomers, outperforming all PET hydrolases
reported thus far [52]. The end product of the enzymatic recycling process are the
component molecules, ethylene glycol and terephthalic acid, which can be used to
produce new products that are physically indistinguishable from petrochemicalbased substances [48]. The enzymes work at relatively low reactor temperatures
and do not require hazardous solvents used in traditional depolymerization methods [53]. The greatest hurdle for Carbios and other enzymatic recycling is that
virgin plastic is cheap. The National Renewable Energy Laboratory estimated
that PET monomers resulting from enzymatic recycling would cost a minimum
of $1.93 per kilogram, whereas virgin petrochemical-based monomers ranged from
$0.90 to $1.50 per kilogram in 2010 [53]. Carbios calculated that the price of the
enzyme would represent nearly 4% of the price of virgin plastic, which could be
price competitive with virgin plastics if the process can be further industrialized.
2.3.3

Pyrolysis

Pyrolysis, also referred to as thermal cracking, is a tertiary recycling method in
which organic material is heated at temperatures ranging from 300 to 900 degrees
Celsius with little to no oxygen. Pyrolysis without a catalyst is considered thermal
pyrolysis, whereas catalytic pyrolysis or catalytic cracking is used when a catalyst
is present. The process involves the controlled thermal degradation of chemical
bonds, generating gaseous syn-gas, liquid tar, and solid char [54].
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CHAPTER 3
Density Separation Models
3.1

Introduction
Density separation models utilize the sink-float method to remove target ma-

terials based on the differences in density of the materials and liquid solution.
Chapter 2 interpreted density separation techniques to set the tone for Chapter 3,
which focuses on developing plastic separation models for mixed plastic waste. Figure 35 conceptualizes the sink-float process in which shredded materials are passed
through baths of various densities to isolate materials in each float [1]. If the density of the material is less than the density of the liquid solution, the material will
float to the top of the solution. In contrast, materials with a higher density than
that of the liquid solution will sink. The density split occurs between the minimum
and maximum material densities, allowing the low-density material to float and
the high-density material to sink. Multiple cuts (i.e., splits, passes, divisions) can
be made until all target materials are isolated from the bulk material.

Figure 35: Sink Float Method
Source: [1]
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3.1.1

Related Work

A dynamic programming procedure was first developed in [2] to determine
the optimal solution sequence that minimizes the processing volume when isolating one, multiple or all materials from a batch. The formulations incorporate a
consistent separation notation to compute the processing volume at each pass.
Procedures for identifying target materials were identified in [2, 3]. In [3], a software program was developed in Microsoft Visual Basic to determine the optimal
separation sequences of various sub-groups, for up to a fifteen material mix. Different material separation methods were considered in [3], including froth flotation,
grouping adjacent non-target materials, and cost analyses.
3.2

Modeling Framework
In this chapter, separation models follow an OGSM approach, which stands for

objective, goals, strategies and measures. The modeling framework provides necessary background information for translating the bulk material separation code.
Below is a table of nomenclature used in the processing model.
Nomenclature

Definition

Units

n
i
j
l
L
ρi
cj
Vi
Vt
t[l]

Quantity of Materials
—
Material Number
—
Position of Cut
—
Roaming Index
—
Separation Sequence List
—
Density of Material i
g/cm3
Separation Cost at Position j
dollars
Volume of Material i
m3
Volume of Material Processed in a Pass m3
Total Processing Cost, given l
dollars

P[ i ][ j ]

Min Processing Volume/Cost
for i materials, starting from j
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m3 or dollars

3.2.1

Objective Function

The objective function of the separation model will aim to minimize either (i)
the total volume processed or (ii) the total processing cost. The objective function
is dependent on the application. In relation to recycling systems, the operators of
MRF are compelled to make decisions that are financially beneficial. Assume an
n-material mixture is being processed. The volume of materials from 1 through
n are represented by v1 , v2 , v3 ,...,vn . The goal is to measure the performance
indicator (output) of all possible passes to determine which sequence of passes will
satisfy the objective function.
3.2.2

Separation Sequence

The output of the separation model is the separation sequence, which is an
ordered list that determines when materials are extracted from the material stream
using the sink-float method. Sequential and alternative separation methods were
presented in [3]. Sequential separation removes adjacent materials in order of their
density ranking. The highest (or lowest) density material is removed first, followed
by the next highest (or lowest) until all target materials are separated. Alternative
sequences do not follow a pattern of separation.
P[ i ][ j ] represents the minimum processing volume (or cost) to achieve the
separation of “i” number of materials from a mixture, starting from position “j”
[See Figure 36]. In Figure 37, the ranges of i and j are visualized using an example
five material mixture. The range of i is from 1 to n, meaning one or all materials
can be processed. Conceptually, P[ 0 ][ j ] translates to the removal of 0 materials,
so i = 0 is excluded from the range (no volume processed). The range of j is from
0 to (n − 1) because the amount of cuts must be less than the number of materials
removed. The solution matrix compiles all calculations of P[ i ][ j ], with each cell
representing the minimum volume (or cost) processed.
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Figure 36: Visual Interpretation of P[ 5 ][ 0 ]

Figure 37: The Ranges of i and j for P[ 5 ][ 0 ]
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3.2.3

Target Materials

A target material is selected to be separated from a mixed material stream for
a number of reasons. A target material may exhibit high material value or high
demand which can be profitable if isolated from the waste stream. Reducing the
amount of volume processed will reduce processing costs (i.e., reduced processing
times, set-up times and labor charges). In contrast, a material could be targeted
for possessing negative attributes, such as high toxicity or unfavorable material
value. Removing the hazardous material could decrease the contamination level of
the batch, which increases the profitability of recyclable materials.
3.3

Single Target Material
A single target material can be isolated using density separation. When one

material is targeted, i is equal to 1, so the processing volume is written as P[ 1 ][ j ].
One or two cuts are required based on where the material lies in the density order.
One cut is required for separating the target materials with either the highest or
lowest density ranking. All other density rankings are sandwiched between two
materials and require two cuts for removal, shown in Figure 38.

Figure 38: Cuts Required to Remove a Target Material

Vi is the minimum volume of material processed to isolate material i (through
one or two cuts). The first cut must process the total volume of the mixture, equal
to the summation of volumes from materials 1 through n, represented by

n
P

vj . A

j=1

second cut will be made if 1 < i < n, that is, if the material is not the highest or
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lowest density ranking. The second cut will process the sum of the volumes to the
left or to the right of the target material, represented by min (

i
P

j=1

vj ,

n
P

vj ). The

j=i

formula for Vi (Equation 1) is given by:

Vi =

n
X

vj + min(

j=1

i
X

j=1

vj ,

n
X

vj )

(1)

j=i

A solution procedure is provided for a 5-material mixture with material volumes in Table 6. Table 7 demonstrates the number of cuts necessary to isolate a
single target material and the minimum volume processed to remove material i.
Next, the example expands on the formulation of Vi using i = 2 to visualize the
selection process for the optimal separation sequence in Figure 39. In the example,
V2 is minimized when the first cut is P[ 1 ][ 2 ] followed by P[ 1 ][ 1 ]. The order
matters in the notation of P[ i ][ j ], as shown. An addition sign (+) represents the
combination of cuts in a strategic order, hence, P[ 1 ][ 2 ] + P[ 1 ][ 1 ] is different
from P[ 1 ][ 1 ] + P[ 1 ][ 2 ]. In particular, less volume is processed in total when
the first cut is made after Material 2 (290 m3 ) compared to before Material 2 (360
m3 ). This separation sequence is the output of the model that is provided to the
recycling operator to use as instructions for batch recycling.
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Solution Procedure: One Material Targeted
Material (i) 1
Volume (vi ) 40

2 3 4 5 Total Volume
50 30 60 20 vt = 200 m3

Table 6: Material Volumes
i
1
2
3
4
5

Formula for Vi
200 + min(0,160)
200 + min(90,160)
200 + min(120,110)
200 + min(180,80)
200 + min(180,0)

Vi
200
290
310
280
200

# of Cuts
1
2
2
2
1

Table 7: Single Target Materials

Formula for Vi

=

n
P

vj

+ min (

j=1

Example: V2

=

5
P

vj ,

j=1

vj

+ min (

200
200
200
290 m3

2
P
j=1

j=1

=
=
=
=

i
P

n
P

vj )

j=i

vj ,

5
P

vj )

j=2

+ min ( v1 + v2 , v2 + v3 + v4 + v5 )
+ min ( 40+50 , 50+30+60+20 )
+ min ( 90 , 160 )
processed to isolate Material 2

Figure 39: Example: Visual Solution for V2
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3.4

All Materials Targeted
Sequential and alternative separation models were calculated in [2] and ex-

tended applications were developed in [3]. As previously mentioned, sequential
separation isolates materials in order of increasing (or decreasing) density versus
random order of cuts used in alternative separation methods. When all materials
are targeted, the number of cuts is equal to (n − 1). For a 5-material mixture,
there are 4 possible first passes, shown in Table 8. The notation of each pass in
terms of P[ i ][ j ] is provided, which is necessary to determine which first cut
minimizes P[ n ][ 0 ]. Material mixes are represented within parentheses and a
dash mark (-) conveys where the cut is made in a pass. For instance, (1)-(2,3,4,5)
represents a pass where the cut is made between materials 1 and 2, successfully
removing material 1 from the mixture. Figure 40 provides all possible separation
sequences for a 5-material mixture.

Mixture

First Pass
Notation of First Pass
Combinations Using P[ i ][ j ]

(1,2,3,4,5)

(1) - (2,3,4,5)
(1,2) - (3,4,5)
(1,2,3) - (4,5)
(1,2,3,4) - (5)

P[
P[
P[
P[

1
2
3
4

][
][
][
][

0
0
0
0

]
]
]
]

+
+
+
+

P[
P[
P[
P[

4
3
2
1

][
][
][
][

Table 8: Combinations of First Passes for P[ 5 ][ 0 ]
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1
2
3
4

]
]
]
]

Figure 40: All Possible Separation Sequences for a 5-Material Mix
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Figure 41, adapted from [2], uses a 5-material mixture as an example to compare the total volume processed using two different separation methods. Sequential
separation is modeled in orange and alternative separation is modeled in purple.
Each pass is marked with one “cut” (orange or purple), which represents the division between the densities of the materials to the left and right of the cut. Given
the volumes of materials 1 through i, the volume processed through each pass is
calculated. The material(s) separated in each pass will be enclosed in parentheses
and provided in the separated material(s) column. This chapter will interpret the
alternative separation procedure, which outperformed the sequential separation
method in this example (480m3 < 550m3 ).

Figure 41: Comparison of Sequential and Alternative Separation Models
Source: Adapted from [2]
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A roaming index (l) is used to interpret the position of the cut in relation
to the position of j. The roaming index considers materials that are ordered by
increasing density (from left to right). The roaming index is an integer bounded
by 0 < l < i because l = 0 translates to no cuts made, and there are (i − 1) cutting
positions available in each iteration. Figure 42 uses P[ 4 ][ 1 ] as an example to
interpret the range of l. To remove four materials starting from position j = 1, the
first cut will consider the range of l (l = 1, 2, 3) to cut at one of three locations,
j = 2, 3, 4.

Figure 42: Interpretation of Roaming Index

When a single material is targeted, recall the equation used to calculate the
volume processed through one or two passes (Vi =

n
P
j=1

vj + min(

i
P
j=1

vj ,

n
P

vj ). Re-

j=i

gardless of the number of targeted materials, the first pass will always process the
total sum of the material volumes. When all materials are targeted, Vt represents
the sum of the material volumes in the first pass. The formula for Vt is provided
in Equation 2:
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Vt =

k=j+i−1
X

vk

(2)

k=j

After determining Vt , the roaming indices are used to calculate the volume
processed through subsequent passes. All combinations of P[ i ][ j ] within the
ranges of i and j are calculated to determine which sequence minimizes the processing volume. When all materials are targeted, the equation for P[ i ][ j ] is given
by:

P [ i ][ j ] =

k = jX
+i−1
k=j

vk + min

0<l<i

[ P [ l ][ j ] + P [ i − l ][ j + l ] ]

(3)

The value of l that minimizes P[ i ][ j ] is recorded for all combinations of P[
i ][ j ] within the ranges of i and j. For the final solution, P[ n ][ 0 ] considers the
volume processed to separate all materials (1 through n) starting from location
j = 0. The value of l that minimizes P[ n ][ 0 ] is used to determine the location
of the first cut, i.e., the location after shifting “l” positions to the right, starting
from j = 0.
A general solution procedure for all materials targeted when n = 5 is provided.
Following the general procedure, a solution procedure for an example 5-material
mixture is provided to outline the calculations for all sub-mixes in order to justify
the selection of the roaming index that minimizes P[ 5 ][ 0 ]. Table 9 represents
the solution matrix for the example mixture.
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General Solution Procedure: All Materials Targeted
Definition
number of materials
maximum cuts
materials separated
position of first cut
roaming index

Nomenclature
Formula
n=5
given
c=4
n−1
i = 0, 1, 2, 3, 4, 5 0 → n
j = 0, 1, 2, 3, 4
0→c
l = 1, 2, 3, 4
0<l<i

i=0
P[ 0 ][ j ] = 0
i=1
P[ 1 ][ j ] = 0
i=2
P[ 2 ][ 0 ] = P[ 1 ][ 0 ]+P[ 1 ][ 1 ]
P[ 2 ][ 1 ] = P[ 1 ][ 1 ]+P[ 1 ][ 2 ]
P[ 2 ][ 2 ] = P[ 1 ][ 2 ]+P[ 1 ][ 3 ]
P[ 2 ][ 3 ] = P[ 1 ][ 3 ]+P[ 1 ][ 4 ]
i=3
(

l = 1, P[ 1 ][ 0 ]+P[ 2 ][ 1 ]
l = 2, P[ 2 ][ 0 ]+P[ 1 ][ 2 ]
(
l = 1, P[ 1 ][ 1 ]+P[ 2 ][ 2 ]
P[ 3 ][ 1 ] = (V1 + V2 + V3 ) + min
l = 2, P[ 2 ][ 1 ]+P[ 1 ][ 3 ]
(
l = 1, P[ 1 ][ 2 ]+P[ 2 ][ 3 ]
P[ 3 ][ 2 ] = (V2 + V3 + V4 ) + min
l = 2, P[ 2 ][ 2 ]+P[ 1 ][ 4 ]
i=4


 l = 1, P[ 1 ][ 0 ]+P[ 3 ][ 1 ]
P[ 4 ][ 0 ] = (V0 + V1 + V2 + V3 ) + min l = 2, P[ 2 ][ 0 ]+P[ 2 ][ 2 ]


l = 3, P[ 3 ][ 0 ]+P[ 1 ][ 3 ]


 l = 1, P[ 1 ][ 1 ]+P[ 3 ][ 2 ]
P[ 4 ][ 1 ] = (V1 + V2 + V3 + V4 ) + min  l = 2, P[ 2 ][ 1 ]+P[ 2 ][ 3 ]

l = 3, P[ 3 ][ 1 ]+P[ 1 ][ 4 ]
i=5

l = 1, P[ 1 ][ 0 ]+P[ 4



 l = 2, P[ 2 ][ 0 ]+P[ 3
P[ 5 ][ 0 ] = (V0 + V1 + V2 + V3 + V4 ) + min 

 l = 3, P[ 3 ][ 0 ]+P[ 2

l = 4, P[ 4 ][ 0 ]+P[ 1
P[ 3 ][ 0 ] = (V0 + V1 + V2 ) + min
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][
][
][
][

1
2
3
4

]
]
]
]

Example Solution: All Materials Targeted
Material (i) 1
Volume (vi ) 40

2 3 4 5 Total Volume
50 30 60 20 vt = 200 m3

i=0
P[ 0 ][ j ] = 0
i=1
P[ 1 ][ j ] = 0
i=2
1
P

P[ 2 ][ 0 ] = P[ 1 ][ 0 ]+P[ 1 ][ 1 ]
P[ 2 ][ 1 ] = P[ 1 ][ 1 ]+P[ 1 ][ 2 ]
P[ 2 ][ 2 ] = P[ 1 ][ 2 ]+P[ 1 ][ 3 ]
P[ 2 ][ 3 ] = P[ 1 ][ 3 ]+P[ 1 ][ 4 ]

j=0
2
P
j=1
3
P
j=2
4
P

= 40 + 50 = 90
= 50 + 30 = 80
= 30 + 60 = 90
= 60 + 20 = 80

j=3

i=3
(

l = 1,
l
= 2,
j=0
(
3
P
l = 1,
P[ 3 ][ 1 ] = ( vj ) + min
l = 2,
j=1
(
4
P
l = 1,
P[ 3 ][ 2 ] = ( vj ) + min
l = 2,
j=2
i=4


 l = 1,
3
P
P[ 4 ][ 0 ] = ( vj ) + min l = 2,

j=0

l = 3,


 l = 1,
4
P
P[ 4 ][ 1 ] = ( vj ) + min  l = 2,
j=1

l = 3,
i=5

l = 1,



 l = 2,
4
P
P[ 5 ][ 0 ] = ( vj ) + min

l = 3,
j=0



l = 4,
P[ 3 ][ 0 ] = (

2
P

vj ) + min

P[
P[
P[
P[
P[
P[

1
2
1
2
1
2

][
][
][
][
][
][

0
0
1
1
2
2

]+P[
]+P[
]+P[
]+P[
]+P[
]+P[

2
1
2
1
2
1

][
][
][
][
][
][

1
2
2
3
3
4

]...120 + (0 + 80) = 200
]...120 + (90 + 0) = 210
]...140 + (0 + 90) = 230
]...140 + (80 + 0) = 220
]...110 + (0 + 80) = 190
]...110 + (90 + 0) = 200

P[
P[
P[
P[
P[
P[

1
2
3
1
2
3

][
][
][
][
][
][

0
0
0
1
1
1

]+P[
]+P[
]+P[
]+P[
]+P[
]+P[

3
2
1
3
2
1

][
][
][
][
][
][

1
2
3
2
3
4

]...180 + (0 + 220) = 400
]...180 + (0 + 90) = 360
]...180 + (0 + 220) = 380
]...160 + (0 + 190) = 350
]...160 + (80 + 80) = 320
]...160 + (220 + 0) = 380

P[
P[
P[
P[

1
2
3
4

][
][
][
][

0
0
0
0

]+P[
]+P[
]+P[
]+P[

4
3
2
1

][
][
][
][

1
2
3
4

]...200 + (0 + 320) = 520
]...200 + (90 + 190) = 480
]...200 + (200 + 80) = 480
]...200 + (360 + 0) = 560

84

i=2
i=3
i=4
i=5

j=0
90
200
360
480

j=1 j=2 j=3 j=4
80
90
80
220
190
320

Table 9: Solution Matrix for P[ i ][ j ]
As shown in this example, the minimum total amount of material processed
to remove all 5 materials is 480m3 , when l = 2 or l = 3. Based on the roaming
indices, the first pass should either be P[ 2 ][ 0 ]+P[ 3 ][ 2 ], or P[ 3 ][ 0 ]+P[ 2 ][ 3 ].
Both solutions result in the same amount of volume processed. Once the first cut
is known, the separation sequence can be interpreted in reverse order. The final
output should be the separation sequence that produces the minimum P[ i ][ j ].
Considering the separation sequence for P[ 5 ][ 0 ] when l = 2, the total volume
processed is minimized when the first cut is P[ 2 ][ 0 ]+P[3 ][ 2 ]. Visually, this cut
is shown as (1,2)-(3,4,5). The first cut processes the total volume of the materials,
which equals 200m3 . Now, sub-mixes of P[ i ][ j ] are used to determine the next
cut. For P[ 4 ][ 1 ], l = 2 minimizes the separation of (2,3,4,5) with the pass P[
2 ][ 1 ]+P[ 2 ][ 3 ], visualized by (2,3)-(4,5). P[ 3 ][ 2 ] is minimized when l = 1,
therefore, the pass (3)-(4,5) is given by P[ 1 ][ 2 ]+P[ 2 ][ 3 ]. Now that material
3 is isolated, materials 4 and 5 remain. P[ 2 ][ 3 ] is equal to P[ 1 ][ 3 ]+P[ 1 ][ 4
] when l = 1, shown as (4)-(5). The roaming indices in sequential order are given
as L= [l1 = 2, l2 = 2, l3 = 1, l4 = 1].
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3.5

Cost Analysis
Up until this point, the objective function has been to minimize the total

volume of material processed to separate all materials targeted. This section will
evaluate the separation cost of each pass to determine the total processing cost.
Making a pass requires a cut to be made at any position j. In the processing
model, c[ j ] represents the cost per unit volume of processing i materials through a
pass, when the cut is made at position j. The roaming index, l, is used to calculate
all combinations of cuts for P[ i ][ j ] within the ranges of i and j. The formula
for the total processing cost, t[ l ], is given by:

t[ l ] = P [ l ][ j ] + P [ i − l ][ j + l ] + vol ∗ c[ j + l − 1 ]

(4)

An example on the following page outlines the solution procedure when processing costs are given. The values of cj are used to calculate the costs of all
sub-mixes of P[ i ][ j ].
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Example Solution: Processing Costs Included
Material (i)
Volume (vi )
Cost (cj )

1
2
3
4
5
40 50 30 60 20
0.1 0.6 0.2 0.5 -

i=0
P[ 0 ][ j ] = 0
i=1
P[ 1 ][ j ] = 0
i=2
P[ 2 ][ 0 ] = P[ 1 ][ 0 ]+P[ 1 ][ 1 ]+(90*0.1)

t[1]=9.0

P[ 2 ][ 1 ] = P[ 1 ][ 1 ]+P[ 1 ][ 2 ]+(80*0.6)

t[2]=48.0

P[ 2 ][ 2 ] = P[ 1 ][ 2 ]+P[ 1 ][ 3 ]+(90*0.2)

t[3]=18.0

P[ 2 ][ 3 ] = P[ 1 ][ 3 ]+P[ 1 ][ 4 ]+(80*0.5)

t[4]=40.0

i=3
(

l = 1,
l = 2,
j=0
(
3
P
l = 1,
P[ 3 ][ 1 ] = ( vj ) + min
l = 2,
j=1
(
4
P
l = 1,
P[ 3 ][ 2 ] = ( vj ) + min
l = 2,
j=2
i=4


 l = 1,
3
P
P[ 4 ][ 0 ] = ( vj ) + min  l = 2,
j=0

l = 3,


 l = 1,
4
P
P[ 4 ][ 1 ] = ( vj ) + min l = 2,

j=1

l = 3,
i=5

l = 1,




4
P
l = 2,
P[ 5 ][ 0 ] = ( vj ) + min

j=0

 l = 3,

l = 4,
P[ 3 ][ 0 ] = (

2
P

vj ) + min

P[1][0]+P[2][1] + (120 ∗ 0.1)...t[1] = 60.0
P[2][0]+P[1][2] + (120 ∗ 0.6)...t[2] = 81.0
P[1][1]+P[2][2] + (140 ∗ 0.1)...t[1] = 102.0
P[2][1]+P[1][3] + (140 ∗ 0.6)...t[2] = 76.0
P[1][2]+P[2][3] + (110 ∗ 0.1)...t[1] = 62.0
P[2][2]+P[1][4] + (110 ∗ 0.6)...t[2] = 73.0
P[1][0]+P[3][1] + (180 ∗ 0.1)...t[1] = 94.0
P[2][0]+P[2][2] + (180 ∗ 0.6)...t[2] = 135.0
P[3][0]+P[1][3] + (180 ∗ 0.2)...t[3] = 96.0
P[1][1]+P[3][2] + (160 ∗ 0.1)...t[1] = 158.0
P[2][1]+P[2][3] + (160 ∗ 0.6)...t[2] = 120.0
P[3][1]+P[1][4] + (160 ∗ 0.2)...t[3] = 156.0
P[1][0]+P[4][1] + (200 ∗ 0.1)...t[1] = 140.0
P[2][0]+P[3][2] + (200 ∗ 0.6)...t[2] = 191.0
P[3][0]+P[2][3] + (200 ∗ 0.2)...t[3] = 140.0
P[4][0]+P[1][4] + (200 ∗ 0.5)...t[4] = 194.0
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P[ i ][ j ] Sub-Mixes
P[ 2 ][ 0 ]

l=1; first cut at position j=(0+1)=1

P[ 2 ][ 1 ]

l=1; first cut at position j=(1+1)=2

P[ 2 ][ 2 ]

l=1; first cut at position j=(2+1)=3

P[ 2 ][ 3 ]

l=1; first cut at position j=(3+1)=4

P[ 3 ][ 0 ] is minimized when l=1; first cut at position j=(0+1)=1
P[ 3 ][ 1 ] is minimized when l=2; first cut at position j=(1+2)=3
P[ 3 ][ 2 ] is minimized when l=1; first cut at position j=(2+1)=3
P[ 4 ][ 0 ] is minimized when l=1; first cut at position j=(0+1)=1
P[ 4 ][ 1 ] is minimized when l=2; first cut at position j=(1+2)=3
P[ 5 ][ 0 ] is minimized when l=1,3; first cut at position j=(0+[1,3])=1,3

i=2
i=3
i=4
i=5

j=1
9.0
60.0
94.0
140.0

j=2 j=3 j=4
48.0
18.0
40.0
76.0
62.0
120.0

Table 10: Solution Matrix for P[ i ][ j ]

Solution Sequence: P[ 5 ][ 0 ]
Pass 1:

l=1

P[ 1 ][ 0 ]+P[ 4 ][ 1 ]

j=1

Pass 2:

l=2

P[ 2 ][ 1 ]+P[ 2 ][ 3 ]

j=3

Pass 3:

l=1

P[ 1 ][ 2 ]+P[ 2 ][ 3 ]

j=3

Pass 4:

l=1

P[ 1 ][ 3 ]+P[ 1 ][ 4 ]

j=4
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3.6

Bulk Material Separation Code
Determining the optimal solution sequence by hand is a lengthy process, espe-

cially when the value of n is significantly large. Instead of manually calculating all
combinations of P[ i ][ j ], a computer program can process results in significantly
less time.
This thesis presents a bulk material separation code to perform the necessary separation calculations for an n-material mixture to determine the optimal
solution. The code was written in Jupyter Notebook, which is an open source, integrated development environment (IDE) which is accessible through the Anaconda
navigator. Python is the general purpose programming language used in this code.
The bulk separation code determines the separation sequence (i.e., ordered cut locations) that minimizes P[ n ][ 0 ], referenced as T for total cost. The separation
sequence is then given to the recycling operator to make batching decisions.
The separation code is shown in Figure A.43 in the Appendix. Two inputs are
required in the first two lines of code: the material volumes (v) and the processing
costs (c). Given an n-material mix, v=[v1 , v2 , v3 ,....,vn ] specifies the volume of
materials in order of increasing density. The cost of cuts in positions 0 through
(n − 1) are specified in c=[c1 , c2 , c3 ,....,cn−1 ]. Otherwise, set all c = 1 when no
costs are considered, such as calculating the minimum processing volume.
The results of the separation code are shown in Figure A.44 in the Appendix.
The roaming indices that result in the minimum processing volume/cost are calculated. One roaming index from each level of i is appended to a list named L,
represented by L=[l1 , l2 , l3 , ...., ln−1 ]. The separation sequence is read in order
from right to left based on the order in which the indices are appended to the list
of L. After the code prints all sub-mixes of P[ i ][ j ], the final solution is printed
for P[ n ][ 0 ]. The total processing cost is referenced as T . The summation of
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material volumes is referenced as V . Next, the separation sequence is given by L.
The code converts the indices in L into an ordered list using P[ i ][ j ] notation,
shown in Figure A.45 in the Appendix. Finally, the P matrix prints the minimum
processing cost (or volume) for all combinations of P[ i ][ j ] within the ranges of
i and j.
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CHAPTER 4
Conclusion
The world is facing a crisis due to large volumes of plastic waste. Plastic
production is increasing and further increases the accumulation of waste and has
led consumers, investors and the government to demand action. There is a sense
of urgency to transition towards a circular economy, where industrial processes
and economic activities regenerate natural systems, circulate materials in use, and
design out waste. A clear message should be taken away: there is no one universal
solution that will solve our plastic waste problem. Rather, a combination of actions
that involve actors at different levels will facilitate a paradigm shift in the plastics
industry. Urgent collective action will require empowering and educating citizens
to minimize plastic waste (especially single-use products), which can be taught
using the circular economy butterfly diagram or various R frameworks discussed
in Chapter 1.
In this thesis, emphasis was placed on understanding the ecological, social
and economic impacts of plastics across the span of the life cycle and developing
mechanisms that address systemic unsustainable issues of plastics. Our society has
assisted in the transition towards a circular economy through research and innovation, strengthened by green policymaking. Innovations in renewable feedstocks,
design for disassembly, material standardization, machine learning, and efficient
waste sorting methods are emerging to accommodate the staggering quantity of
plastic waste disposed.
The underlying goal of bulk recycling is to transform mixed waste materials
into elemental components to be repurposed. In essence, recycling is only beneficial when there is a demand for recycled material. If the material will eventually
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be landfilled, the energy required to perform the recycling processes is considered
wasteful. Currently, the supply of recycled plastic is greater than the demand because the quality standard for recycled plastic is quite low while the cost remains
greater than virgin plastic. Luckily, the demand for recycled plastics is increasing, which can be credited to factors including the increased consumer desire for
environmentally friendly products, corporate commitments to reduce virgin plastic use, anti-pollution regulations and emerging business models that create value
from waste. Further development in recycling technologies is one step in making
the closure of the material cycle affordable.
Opportunities for recovering material resources via mechanical and/or chemical recycling processes were presented in Chapter 2. Mechanical recycling processes
generally lead to recyclate of downgraded material quality, which is why enhanced
collection and sorting technologies for mixed plastic waste streams are critical areas
of improvement to reduce contamination. Chemical recycling is a more advanced
form of recycling because it produces a higher quality output than mechanical recycling and also provides the potential for infinite recyclability. While this sounds
promising, chemical recycling is at an early stage of development and comes with
significant costs, energy usage and toxic pollutant emissions.
The final component of this thesis is the formulation of various bulk recycling
models to determine the most favorable sequence for material separation given
an n-material mixture. Density separation (i.e., the sink-float method) is the
technique used to separate materials of varying densities. One, multiple, or all
materials may be targeted for removal from a material stream, all of which were
modeled in Chapter 3. The models are able to select the processing sequence that
minimizes the total volume or cost of material processed. Based on the research
performed, bulk recycling models should be explored when decisions must be made
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that can affect the profitability of the recycling system.

93

APPENDIX
Appendix A

In [5]:
c=[1,1,1,1]
v=[40,50,30,60,20]
n = len(v)
import numpy as np
Pmatrix = np.array(p)
p=[[0 for i in range(n+1)] for j in range(n+1)]
t=n*[9999]
L=[]
L_list=[]
Total_list=[]
for i in range(n):
p[0][i]=0
p[1][i]=0
for i in range(2,n+1):
print("===================================")
for j in range(0, n-i+1):
vol=0
for l in range(j,i+j):
vol = vol+v[l]
print("i:",i," j:",j,' vol:',vol,'m^3')
for l in range(1, i):
t[l]= p[l][j]+p[i-l][j+l] + vol*c[j+l-1]
print('
l =',l," P[",l,"][",j,"]+ P[",(i-l),"][",(j+l),']'," t
=$",round(t[l],2))
p[i][j]=round(min(t),2)
index=t.index(min(t))
order=index+j
orderedlist= [i,j],"t=",p[i][j]," when l=",index," j=",order
newcut=" P[", t.index(min(t)),"][",j,"] + P[",(i-t.index(min(t))),"]["
,(j+t.index(min(t))),']'
Total_list.append(orderedlist)
L.append(index)
print("append l=", index, " new cut=", newcut)
L_list.append(newcut)
print("===================================")
print("FINAL SOLUTION for P[",i,",",j,"]")
print("
T= $",p[i][j])
print("
V=", sum(v), "m^3")
print("
L=",L)
print()
print("P[I][J] SUB-MIXES")
print(*Total_list, sep = '\n')
print()
print("SOLUTION SEQUENCE for P[",i,",",j,"]")
x=enumerate(reversed(L_list,),1)
for solution in x:
print("pass",solution)
print()
print("P MATRIX:")
print(Pmatrix)

Figure A.43: Separation Code
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===================================
i: 2 j: 0 vol: 90 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 1 ][ 1 ]
i: 2 j: 1 vol: 80 m^3
l = 1 P[ 1 ][ 1 ]+ P[ 1 ][ 2 ]
i: 2 j: 2 vol: 90 m^3
l = 1 P[ 1 ][ 2 ]+ P[ 1 ][ 3 ]
i: 2 j: 3 vol: 80 m^3
l = 1 P[ 1 ][ 3 ]+ P[ 1 ][ 4 ]
===================================
i: 3 j: 0 vol: 120 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 2 ][ 1 ]
l = 2 P[ 2 ][ 0 ]+ P[ 1 ][ 2 ]
i: 3 j: 1 vol: 140 m^3
l = 1 P[ 1 ][ 1 ]+ P[ 2 ][ 2 ]
l = 2 P[ 2 ][ 1 ]+ P[ 1 ][ 3 ]
i: 3 j: 2 vol: 110 m^3
l = 1 P[ 1 ][ 2 ]+ P[ 2 ][ 3 ]
l = 2 P[ 2 ][ 2 ]+ P[ 1 ][ 4 ]
===================================
i: 4 j: 0 vol: 180 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 3 ][ 1 ]
l = 2 P[ 2 ][ 0 ]+ P[ 2 ][ 2 ]
l = 3 P[ 3 ][ 0 ]+ P[ 1 ][ 3 ]
i: 4 j: 1 vol: 160 m^3
l = 1 P[ 1 ][ 1 ]+ P[ 3 ][ 2 ]
l = 2 P[ 2 ][ 1 ]+ P[ 2 ][ 3 ]
l = 3 P[ 3 ][ 1 ]+ P[ 1 ][ 4 ]
===================================
i: 5 j: 0 vol: 200 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 4 ][ 1 ]
l = 2 P[ 2 ][ 0 ]+ P[ 3 ][ 2 ]
l = 3 P[ 3 ][ 0 ]+ P[ 2 ][ 3 ]
l = 4 P[ 4 ][ 0 ]+ P[ 1 ][ 4 ]
===================================
FINAL SOLUTION for P[ 5 , 0 ]
T= $ 480
V= 200 m^3
L= [1, 1, 2, 2]

t=$ 90
t=$ 80
t=$ 90
t=$ 80

t=$ 200
t=$ 210
t=$ 230
t=$ 220
t=$ 190
t=$ 200

t=$ 400
t=$ 360
t=$ 380
t=$ 350
t=$ 320
t=$ 380

t=$
t=$
t=$
t=$

520
480
480
560

P[I][J] SUB-MIXES
([2, 0], 't=', 90, ' when l=', 1, ' j=', 1)
([2, 1], 't=', 80, ' when l=', 1, ' j=', 2)
([2, 2], 't=', 90, ' when l=', 1, ' j=', 3)
([2, 3], 't=', 80, ' when l=', 1, ' j=', 4)
([3, 0], 't=', 200, ' when l=', 1, ' j=', 1)
([3, 1], 't=', 220, ' when l=', 2, ' j=', 3)
([3, 2], 't=', 190, ' when l=', 1, ' j=', 3)
([4, 0], 't=', 360, ' when l=', 2, ' j=', 2)
([4, 1], 't=', 320, ' when l=', 2, ' j=', 3)
([5, 0], 't=', 480, ' when l=', 2, ' j=', 2)

Figure A.44: Results of Separation Code
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Figure A.45: Solution Sequence Output with Equal Costs
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In [173]:
c=[.1,.6,.2,.5]
v=[40,50,30,60,20]
n = len(v)
import numpy as np
Pmatrix = np.array(p)
p=[[0 for i in range(n+1)] for j in range(n+1)]
t=n*[9999]
L=[]
L_list=[]
Total_list=[]
for i in range(n):
p[0][i]=0
p[1][i]=0
for i in range(2,n+1):
print("===================================")
for j in range(0, n-i+1):
vol=0
for l in range(j,i+j):
vol = vol+v[l]
print("i:",i," j:",j,' vol:',vol,'m^3')
for l in range(1, i):
t[l]= p[l][j]+p[i-l][j+l] + vol*c[j+l-1]
print('
l =',l," P[",l,"][",j,"]+ P[",(i-l),"][",(j+l),']'," t=
$",round(t[l],2))
p[i][j]=round(min(t),2)
index=t.index(min(t))
order=index+j
orderedlist= [i,j],"t=",p[i][j]," when l=",index," j=",order
newcut=" P[", t.index(min(t)),"][",j,"] + P[",(i-t.index(min(t))),"][",
(j+t.index(min(t))),']'
Total_list.append(orderedlist)
L.append(index)
L_list.append(newcut)
print("===================================")
print("FINAL SOLUTION for P[",i,",",j,"]")
print("
T= $",p[i][j])
print("
V=", sum(v), "m^3")
print("
L=",L)
print()
print("P[I][J] SUB-MIXES")
print(*Total_list, sep = '\n')
print()
print("SOLUTION SEQUENCE for P[",i,",",j,"]")
x=enumerate(reversed(L_list,),1)
for solution in x:
print("pass",solution)
print()
print("P MATRIX:")
print(Pmatrix)

Figure A.46: Separation Code with Costs
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===================================
i: 2 j: 0 vol: 90 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 1 ][ 1 ]
i: 2 j: 1 vol: 80 m^3
l = 1 P[ 1 ][ 1 ]+ P[ 1 ][ 2 ]
i: 2 j: 2 vol: 90 m^3
l = 1 P[ 1 ][ 2 ]+ P[ 1 ][ 3 ]
i: 2 j: 3 vol: 80 m^3
l = 1 P[ 1 ][ 3 ]+ P[ 1 ][ 4 ]
===================================
i: 3 j: 0 vol: 120 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 2 ][ 1 ]
l = 2 P[ 2 ][ 0 ]+ P[ 1 ][ 2 ]
i: 3 j: 1 vol: 140 m^3
l = 1 P[ 1 ][ 1 ]+ P[ 2 ][ 2 ]
l = 2 P[ 2 ][ 1 ]+ P[ 1 ][ 3 ]
i: 3 j: 2 vol: 110 m^3
l = 1 P[ 1 ][ 2 ]+ P[ 2 ][ 3 ]
l = 2 P[ 2 ][ 2 ]+ P[ 1 ][ 4 ]
===================================
i: 4 j: 0 vol: 180 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 3 ][ 1 ]
l = 2 P[ 2 ][ 0 ]+ P[ 2 ][ 2 ]
l = 3 P[ 3 ][ 0 ]+ P[ 1 ][ 3 ]
i: 4 j: 1 vol: 160 m^3
l = 1 P[ 1 ][ 1 ]+ P[ 3 ][ 2 ]
l = 2 P[ 2 ][ 1 ]+ P[ 2 ][ 3 ]
l = 3 P[ 3 ][ 1 ]+ P[ 1 ][ 4 ]
===================================
i: 5 j: 0 vol: 200 m^3
l = 1 P[ 1 ][ 0 ]+ P[ 4 ][ 1 ]
l = 2 P[ 2 ][ 0 ]+ P[ 3 ][ 2 ]
l = 3 P[ 3 ][ 0 ]+ P[ 2 ][ 3 ]
l = 4 P[ 4 ][ 0 ]+ P[ 1 ][ 4 ]
===================================
FINAL SOLUTION for P[ 5 , 0 ]
T= $ 140.0
V= 200 m^3
L= [1, 1, 2, 1]

t=$ 9.0
t=$ 48.0
t=$ 18.0
t=$ 40.0

t=$ 60.0
t=$ 81.0
t=$ 102.0
t=$ 76.0
t=$ 62.0
t=$ 73.0

t=$ 94.0
t=$ 135.0
t=$ 96.0
t=$ 158.0
t=$ 120.0
t=$ 156.0

t=$
t=$
t=$
t=$

140.0
191.0
140.0
194.0

P[I][J] SUB-MIXES
([2, 0], 't=', 9.0, ' when l=', 1, ' j=', 1)
([2, 1], 't=', 48.0, ' when l=', 1, ' j=', 2)
([2, 2], 't=', 18.0, ' when l=', 1, ' j=', 3)
([2, 3], 't=', 40.0, ' when l=', 1, ' j=', 4)
([3, 0], 't=', 60.0, ' when l=', 1, ' j=', 1)
([3, 1], 't=', 76.0, ' when l=', 2, ' j=', 3)
([3, 2], 't=', 62.0, ' when l=', 1, ' j=', 3)
([4, 0], 't=', 94.0, ' when l=', 1, ' j=', 1)
([4, 1], 't=', 120.0, ' when l=', 2, ' j=', 3)
([5, 0], 't=', 140.0, ' when l=', 1, ' j=', 1)

Figure A.47: Results of Separation Code

98

Figure A.48: Solution Sequence Output with Processing Costs

Figure A.49: Comparison of Separation Methods
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APPENDIX
Glossary
Common Polymers
ABS
AC
EP
PA
PCL
PE
PE-LD
PE-LLD
PE-HD
PET
PGA
PLA
PP
PS
EPS(PSE)
PU(PUR)
PVA
PVC
SBR
TPU

Acrylonitrile butadiene styrene
Acrylic
Epoxy resin (thermoset)
Polyamide 4, 6, 11, 66
Polycaprolactone
Polyethylene
Polyethylene low density
LLD Polyethylene linear low density
Polyethylene high density
Polyethylene terephthalate
Poly(glycolic acid)
Poly(lactide)
Polypropylene
Polystyrene
Expanded polystyrene
Polyurethane
Polyvinyl alcohol
Polyvinyl chloride
Styrene-butadiene rubber
Thermoplastic polyurethane
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Abbreviations
ALDFG
CE
CGR
CWP
DFG
EPA
FAO
FEMA
GPGP
HELCOM
IE
IMO
IOC
LCA
MAP
MP
MRF
NMDMP
NOAA
OSPAR
POP
UNEP
USACE
USFWS
USCG

Abandoned, Lost or otherwise Discarded Fishing Gear
Circular Economy
Circularity Gap Report
Coordinating Working Party on Fishery Statistics
Derelict Fishing Gear
Environmental Protection Agency
Food and Agricultural Organization of the United Nations
Federal Emergency Management Agency
Great Pacific Garbage Patch
Helsinki Commission
Industrial Ecology
International Maritime Organization
Intergovernmental Oceanographic Commission
Life Cycle Assessment
Measures and Actions Programme
Microplastics
Material Recovery Facility
National Marine Debris Monitoring Program
National Oceanic and Atmospheric Administration
Oil Spill Prevention, Administration and Response
Persistent Organic Pollutants
United Nations Environment Programme
U.S. Army Corps of Engineers
U.S. Fish and Wildlife Service
U.S. Coast Guard
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